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ABSTRACT 
 Mississippi Valley-type (MVT) deposits of the Viburnum Trend are 
typically lead-dominant (Pb:Zn > 5) and occur mainly in the reef-grainstone facies of the 
upper Bonneterre Dolomite (Cambrian).  Recent drilling has encountered economic 
mineralization within the lower Bonneterre Dolomite and underlying Lamotte Sandstone, 
more than 30 m below the main ore-bearing horizon of the district.  In one area of the 
Brushy Creek mine, a currently mined orebody of this Zn-Pb-Cu-(Co-Ni)-rich 
mineralization comprises a resource of more than 250,000 tonnes containing > 14% Zn + 
Pb.  The lower ores in the Brushy Creek mine are not related to obvious stratigraphic 
controls, such as pinch-outs of the Lamotte Sandstone against Precambrian knobs, and do 
not fit into the traditional exploration models for the Viburnum Trend.  This study 
investigates the relationship of this unusual lower orebody at Brushy Creek mine to the 
typical, overlying MVT deposits of the Viburnum Trend through a combination of 
petrographic, cathodoluminescence, fluid inclusion, and stable isotope studies. 
The lower ore mineralization contains discernible zoning with increasing distance 
above the Lamotte Sandstone of multiple, dominantly early generations of Ni-Co-, Cu- 
and Zn-bearing sulfides that were frequently brecciated and successively overprinted by 
later mineralization, including main stage Pb-Zn mineralization.  The breccia is 
composed dominantly of sulfides supported by clay (insoluble residue) resulting in 
massive, high-grade ore with only rare gangue minerals.  Cathodoluminescence 
microscopy reveals that the ore is associated with two generations of dolomite cement, 
early LOZ Bright and later LOZ Moderate that appear to pre-date the regional dolomite 
cement associated with main stage Pb-Zn mineralization in the Viburnum Trend.   
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Microthermometry in the lower ore body yields a wide range of temperatures and 
salinities compared to the data from more typical deposits of the Viburnum Trend.  Each 
stage of the sphalerite paragenesis in the lower orebody displays specific salinities and Th 
values across the paragenesis.  Dolomite cements indicate higher Th values and largely 
lower salinities than the data from the regional 4-zone dolomite cements.  The range of 
salinities and the higher temperatures of the lower ore zone cements and some of the 
sphalerites, especially schalenblende, emphasize that there are multiple distinct fluids, 
including high-temperature fluids, involved in the deposition of the lower orebody.   
Fluid inclusion LA-ICP-MS analysis of sphalerite-hosted fluid inclusions 
indicates that the lower orebody records greater atomic ratios of K/Na and Mg/Na than 
those published for the Viburnum Trend, and elevated ranges of Sr/Na and Ba/Na.  Thus, 
the fluids are overall geochemically distinct from those that formed the upper orebodies.  
Paragenetic trends distinguish multiple fluids with distinct compositions and reflect 
possibly different migration pathways that varied with time. 
Carbon and oxygen isotope studies of the lower ore zone dolomite cements 
identified by cathodoluminescent studies found that the earlier of the two, LOZ Bright, 
has an isotopic signature unique from the later dolomite cement in the lower ore zone—
LOZ Moderate—and from those of the individual zones of the regional, 4-zone cement, 
likely reflecting a different fluid source.  Additionally, the lower ore zone cements and 
their calculated δ18Owater values show that the paragenetic trend of decreasing δ18O values 
from LOZ Bright to LOZ Moderate is not due to temperature effects, but instead 
indicates that the dolomite cement-depositing fluids are distinct from each other and from 
the fluids responsible for the regional 4-zone cements of the Viburnum Trend formed.  
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The lower ore zone shows variations of δ34S values that indicate the presence of multiple 
sulfur sources whose influence varied with depth and time.  This further illustrates that 
the lower orebody at Brushy Creek mine did not form from a single evolving fluid or a 
constant fluid mixture, but is instead the product of multiple fluids with distinct and 
evolving sources, which mixed at the site of deposition. 
 This study indicates that fault activity enhanced porosity and permeability, via 
brecciation, thus promoting voluminous dissolution of carbonate rock.  Faults localized 
multiple, metal-bearing fluids and sulfur sources in the same place, and the localization 
permitted mixing of distinct fluids that resulted in the accumulation of unique, high-grade 
ores at the Bonneterre Dolomite-Lamotte Sandstone contact in the Brushy Creek mine.  
These faults tapped into local fluid reservoirs that interacted with basement rocks prior to 
the onset of regional flow in southeast Missouri.  This structural control reflects the 
importance of fault and fracture networks to ore formation in the Viburnum Trend and 
southeast Missouri.  
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CHAPTER I:  INTRODUCTION 
 
 
 
The Viburnum Trend of southeast Missouri is a world-class, Pb-Zn-Cu Mississippi 
Valley-type (MVT) district (Figs. 1 and 2).  It is the only active mining district in the 
southeast Missouri region, with ten mines currently in operation.  Sulfide ore 
mineralization in the district is generally lead-dominant (Pb:Zn > 5).  Mineralization occurs 
almost exclusively in the upper portion of the Bonneterre Dolomite (Late Cambrian) as 
bedded or replacement deposits, associated typically with the reef-grainstone facies 
(Gerdemann and Myers, 1972) (Figs. 2 and 3).  Ore mineralization occurring 
stratigraphically lower than the main ore horizon in the Viburnum Trend has been 
discovered infrequently but has not been considered a conventional resource. 
Recent drilling in several locations in the Viburnum Trend encountered 
economically significant mineralization within the lower Bonneterre Dolomite and in the 
upper Lamotte Sandstone, more than 30 m below the main ore-bearing horizon of the 
Viburnum Trend (Fig. 3).  The deposits have assays in the ranges of 11 to 29% Zn, < 1 to 
8% Cu and 6 to 15% Pb with notable enrichments of Ni, Co, and Ag.  In one area of the 
Brushy Creek mine (Evans, 1977), the largest known deposit of currently mined 
mineralization of this kind comprises an estimated resource of more than 250,000 tonnes 
containing greater than 14% combined Zn + Pb (Cavender et al., 2013).  The stratigraphic 
location and Zn-Cu-(Ni-Co-Ag)-rich nature of this orebody are unusual for the Viburnum 
Trend, and the deposit also exhibits vertical metal/mineral zoning, uncommon mineral 
textures, and an atypical ore mineral paragenesis compared to the upper orebodies of the 
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Viburnum Trend.  The ore mineralization does not appear to be related spatially to 
obvious stratigraphic controls, such as pinch-outs against Precambrian knobs. 
This lower section ore mineralization does not fit within the traditional 
exploration models of the Viburnum Trend and requires further characterization in order 
to develop exploration strategies for the resource.  Comparison of the mineralogy and 
geochemistry of the lower section orebodies to those of the better known ores that are 
mined higher within the Bonneterre Formation (above the stromatolite reef) may help to 
explain the presence and distribution of this kind of ore.  This study employs transmitted 
light and reflected light microscopy; cathodoluminescence (CL) microscopy; scanning 
electron microscopy (SEM); electron probe microanalysis (EPMA); carbon, oxygen, and 
sulfur isotope geochemistry; fluid inclusion microthermometry; and fluid inclusion laser 
ablation ICP-MS.  Data were acquired from samples collected from drill core while the 
author worked as an intern for the Doe Run Company in the summer of 2013 and from 
samples obtained at later dates while the mining operations progressed toward and within 
the main orebody.   
Questions to be addressed by this thesis include:   
1) What is the relative timing of the lower section ores compared to main stage 
Pb-Zn-Cu ores that occur stratigraphically higher?   
2) Do the ores fit into the known mineral paragenesis of the Viburnum Trend 
(and other southeast Missouri MVT subdistricts) or might they represent a 
previously unrecognized ore-forming event(s)?   
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3) Are there particular mineralogical and/or geochemical signatures of the ore-
forming processes that will assist geologists in exploring for Zn-Cu-Pb-rich 
ores in the lower Bonneterre Dolomite? 
4) Are the lower section ores products of a regional flow system that has been 
hypothesized for the Viburnum Trend (Appold and Garven, 1999, 2000) or 
might they have formed from more localized, structurally controlled flow 
systems (Horrall et al., 1993; Shelton et al., 1995), or some combination of 
both (Clendenin et al., 1994; Shelton et al., 2009)? 
 Geological Setting  
Southeast Missouri is located on the southern part of the stable cratonic interior 
region of North America.  The principal feature of the region is the Ozark Uplift (or 
Ozark Dome, Fig. 1).  The Ozark Uplift is bounded on the northeast by the Illinois Basin, 
on the northwest by the Forest City Basin, on the south by the Arkoma Basin and the 
Ouachita Mountains, and on the southeast by the Reelfoot Rift (Keller et al., 2000; 
Palmer et al., 2012).  The summit of the domal structure is exposed as the St. Francois 
Mountains.  A number of northwest-striking transverse faults and northeast-striking 
normal faults comprise the major fault zones of the southeast Missouri region (Clendenin 
et al., 1994) (Fig. 2).  The southeast Missouri mining district partially surrounds the St. 
Francois Mountains.  Four subdistricts constitute the majority of MVT Pb-Zn 
mineralization in the mining district: the Old Lead Belt, Mine Lamotte-Fredericktown, 
Indian Creek, and the Viburnum Trend. 
Crystalline basement rocks of the region are approximately 1.5 billion-year-old 
igneous deposits emplaced as stocks and batholiths.  Igneous rocks are predominantly  
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Figure 1.  Regional geologic setting of the Viburnum Trend and other MVT ore 
districts (green) of the Ozark Uplift relative to major sedimentary basins (blue), the 
Reelfoot Rift, and the igneous St. Francois Mountains (red) (after Shelton et al., 2009).  
Stars indicate locations of deep drill holes analyzed by Keller et al. (2000).  Triangles 
indicate locations of deep drills holes that encountered mafic intrusions (Horrall et al., 
1993) 
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Figure 2.  Map showing locations of major mining districts and their individual mines 
(crossed hammers-and-picks) relative to Precambrian igneous outcrops (red) and the 
belt of the reef-grainstone carbonate facies (gray) of the Bonneterre Dolomite (after 
Snyder and Gerdemann, 1968).  Regional faults are labeled and colored blue.  The 
Viburnum Trend lies on the western flank of the St. Francois Mountains.  This study 
focuses on the Brushy Creek mine, which is highlighted in green.  Mine abbreviations: 
BC = Brushy Creek mine, BK = Buick, CS = Casteel, FL = Fletcher, MG = Magmont, SW 
= Sweetwater, WF = West Fork. 
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rhyolite ignimbrites and anorogenic granitic rocks cross-cut by minor amounts of 
intermediate-to-basic intrusions (Sides et al., 1981; Lowell, 1991).  Weathering and 
erosion have shaped the surface of the basement into numerous topographical knobs. 
These structural features of the basement help to control the distribution and thickness of 
sedimentary facies in the overlying units, particularly pinch-outs of the Lamotte 
Sandstone (Cambrian) and the locations of the stromatolitic reef facies of the Bonneterre 
Dolomite (Cambrian), both of which are related empirically to the location of MVT 
orebodies in the southeast Missouri region (Gerdemann and Myers, 1972; Kisvarsanyi, 
1977) (Figs. 2 and 3).  The basement rocks represent a potential source(s) for metals and 
sulfur for MVT deposits in the Viburnum Trend, as fluids may have leached and 
transported ore constituents to overlying ore-hosting carbonate rocks (Burstein et al., 
1993; Shelton et al., 1995). 
Cambro-Ordovician siliciclastic and carbonate units lap onto the structural highs 
of the buried crystalline basement and exposed St. Francois Mountains.  Cambrian 
sedimentary rocks gradually thicken and dip away from the igneous knobs and domes, 
which formed an archipelago during the Late Cambrian.  The lowermost Cambrian unit is 
the Lamotte Sandstone, a quartz arenite that becomes arkosic and/or conglomeritic 
proximal to igneous basement and exposed knobs.  The Lamotte Sandstone is generally 
regarded as the main aquifer for ore-fluid migration in the region (Sverjensky, 1984a; 
Kyle and Gutierrez, 1988; Goldhaber et al., 1995).  The Bonneterre Dolomite 
conformably overlies the Lamotte Sandstone and infrequently discordantly overlies the 
Precambrian basement.  The formation forms the lower part of an Upper Cambrian 
platform-carbonate sequence and contains a stromatolitic reef complex that partially 
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surrounds the St. Francois Mountains (Fig. 2 and 3).  The reef and associated back-reef 
(lagoonal) facies of the formation are extensively dolomitized from the reef toward the 
St. Francois Mountains.  The formation grades into limestone and green shales of the 
offshore facies towards the west.  An extensive basal dolomite (avg. 6 m thick) occurs 
above the contact of the Bonneterre Dolomite and Lamotte Sandstone throughout the 
region (Gregg and Shelton, 1989b).  Within the Viburnum Trend, the lower Bonneterre 
Dolomite consists of lagoonal mudstones, greywackes, and wackestones, and the upper 
Bonneterre Dolomite contains oolitic grainstones and the stromatolitic reefstone.  A 
transgressive sequence of interbedded basinal limestones, dolomites and shales of the 
Davis Formation and Derby-Doerun Dolomite overlies the Bonneterre Dolomite and 
likely acted as aquitards for MVT-fluid flow through the Bonneterre Dolomite (Imes, 
1990).  These units are in turn overlain by Upper Cambrian and Lower Ordovician 
platform dolomites (He et al., 1997). 
The Viburnum Trend Ore Deposits 
The Viburnum Trend extends north to south for ~ 64 km on the western side of 
the St. Francois Mountains (Fig. 1 and 2).  Its ore deposits and their host dolomites are 
thought to have formed from basinal brines emanating from neighboring sedimentary 
basins, which migrated regionally through adjacent sandstone and carbonate aquifers and 
underlying Precambrian basement (Leach and Rowan, 1986; Gregg and Shelton, 1989a,b; 
Shelton et al., 1995; Appold and Garven, 1999, 2000).  Fluid mixing has been suggested 
as a likely depositional mechanism for the MVT ores of the Bonneterre Dolomite (Rowan 
and Leach, 1989; Shelton et al., 1992, 2009; Plumlee et al., 1994; Appold and Garven, 
2000; Wenz et al., 2012).    
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Figure 3.  A) East-west cross-section of 
the stratigraphy in southeast Missouri 
showing the relationship of facies of the 
Bonneterre Dolomite and the Lamotte 
Sandstone to the Precambrian basement.  
Note the continuous basal dolomite above 
the Bonneterre-Lamotte contact (after Gregg 
and Shelton, 1989b). 
B) An idealized geologic column for the 
Viburnum Trend stratigraphy. The grainstone 
facies of the upper Bonneterre hosts the 
typical ores in the Viburnum Trend.  The Cu-
Zn-rich mineralization of this study occurs in 
the shaley/sandy carbonate facies of the 
lower Bonneterre.  Stratigraphic extent of 
mineralized sections is indicated with labeled 
black brackets.  Legend: red = basement, 
yellow = sandstone, brown/tan = 
sandy/shaley dolomite, blue = dolomite, 
green = stromatolite-bearing, gray = 
siltstone, dark blue = shale.   
 
A) 
B) 
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The majority of ore mineralization in southeast Missouri is disseminated in 
dolomite pore systems or replaces grainstone host dolomite above the reef facies (Gregg 
and Shelton, 2012), although dissolution brecciation has been identified as a locally 
important control to ore mineralization (Paarlberg and Evans, 1977; Rogers and Davis, 
1977; Sweeney et al., 1977; Mavrogenes et al., 1992).  Ore may occur lower in the upper 
ore horizon of the Bonneterre Dolomite where it is influenced by structural basement 
topography, such as stratigraphic pinch-outs of the Lamotte Sandstone against 
Precambrian knobs (Kisvarsanyi, 1977).  Historically, ore has also been recovered from 
deposits hosted within the Lamotte Sandstone in the Mine LaMotte-Fredericktown and 
Indian Creek subdistricts (Fig. 2) (Snyder and Gerdemann, 1968; Pignolet and Hagni, 
1983; Gutierrez, 1987; Kyle and Gutierrez, 1988). 
Most sulfide mineralization in the Viburnum Trend MVT ore district conforms to 
a general paragenetic sequence, which, with minor variations, can be traced throughout 
most of the subdistrict (Hagni, 1986) (Fig. 4).  Rare, meter-scale, podiform bodies of 
massive bornite-chalcopyrite are found in several mines as the earliest ore mineralization.  
This early mineralization occurs typically lower within the ore horizon (closer to the 
Lamotte Sandstone), replaces disseminated iron sulfides and is replaced and crosscut by 
later mineralization.  Massive/disseminated sphalerite and massive/euhedral 
cuboctahedral galena constitute the main stage Pb-Zn ores in the district.  Massive 
chalcopyrite occurs before, during, and after deposition of main stage cuboctahedral 
galena (Heyl, 1983; Hagni, 1986).  Cuboctahedral galena is affected by a major 
dissolution event that is followed typically by deposition of colloform iron sulfides.  Late 
stage vug-filling, cubic galena represents the last lead-mineralizing event in the district 
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and is followed by deposition of vug-filling sphalerite, chalcopyrite, and iron sulfides.  
There are numerous published instances of lateral metal/mineral zoning in the ore 
deposits of the Viburnum Trend (Grundmann, 1977; Dunn and Grundmann, 1989; 
Childers et al., 1995; Mavrogenes et al., 1992; Fennel et al., 1996), but only Hagni and 
Transcynger (1977) have reported significant vertical zoning, in the Magmont mine. 
Pore-filling epigenetic dolomite cement, with a distinctive four-zone 
cathodoluminescent (CL) stratigraphy, has been shown to be associated closely with main 
and late stage sulfide mineralization in the Bonneterre Dolomite (Voss et al., 1989).  The 
distinct CL zonation is found in gangue dolomite cements in the Bonneterre Dolomite 
throughout the Viburnum Trend and across southern Missouri and northern Arkansas 
(Gregg, 1985; Rowan, 1986; Farr, 1989).  The regional scale of this dolomite CL 
stratigraphy is a chief tenet for the idea that a large-scale fluid flow system was 
responsible for the formation of the Viburnum Trend’s ores (e.g. Leach and Rowan, 
1986; Appold and Garven, 1999). 
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Figure 4.  A generalized paragenetic sequence for MVT sulfide mineralization in the 
Viburnum Trend (Shelton et al., 1995; modified from Hagni, 1986).  Numbers denote 
consecutive generations of respective minerals. 
12 
 
CHAPTER II:  THE LOWER SECTION MINERALIZATION 
 
 
 
The high-grade mineralization, which is hosted in the lower Bonneterre Dolomite 
below the typical ore horizon, appears to be distributed locally throughout the Viburnum 
Trend.  Multiple high-grade pay holes have been drilled in or near the Sweetwater, 
Casteel, Fletcher, Brushy Creek, and #29 mines (Fig. 2).  Zn-Cu-rich, lower section 
mineralization also occurs beyond the mine workings, within new exploration areas of 
the Viburnum Trend.  The most significant mineralization has been found on the west 
side of the Trend.  This study focuses on the principal lower section orebody exploited 
currently in the Brushy Creek mine. 
The orebody is hosted dominantly within sandy and shaley dolomite of the lower 
Bonneterre Dolomite, with ore mineralization extending locally several meters into 
underlying quartz arenite of the Lamotte Sandstone (Fig. 5).  Massive Cu-Zn-rich sulfide 
mineralization forms a lenticular body approximately 150 m long, 40 m wide and up to 
35 m thick that strikes ~ N-S.  Mineralization may occur in the carbonate host rock up to 
the contact with the bottom of the reef facies (Fig. 3B).  Ore mineralization persists into 
the overlying reef facies only along fractures and dissolution breccias. 
The ores contain multiple generations of chalcopyrite and sphalerite that display 
frequent breccia textures in hand sample and thin section (Fig. 6).  These are not typical 
Viburnum Trend breccias that are composed of large carbonate clasts cemented by 
sulfides.  They are instead composed dominantly of massive sulfide, which are brecciated 
and cemented by subsequent generations of sulfides (and some carbonate), that is 
supported by clay (insoluble residue), resulting in a massive, high-grade ore.  The ores  
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Figure 5.  Massive chalcopyrite (Ccp) ore in the shaley beds at the base of the 
Bonneterre Dolomite with sulfideS (blebs and irregular masses) extending into the 
Lamotte Sandstone (Ss). 
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A 
B 
Figure 6.  Representative 
textures of brecciated ore.  
A) Drill core sample of 
brecciated sphalerite ore 
within clay-rich matrix.  Clay-
rich laminae (insoluble 
residue) drape over and 
surround sphalerite clasts 
near top of image, indicating 
syn-ore deposition.   
B) Scan of thin section 
composed of banded 
sphalerite (Sp, 
schalenblende), which is 
fractured and brecciated, 
cemented by dolomite (Dol), 
and overgrown by 
cuboctahedral galena (Gn).   
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are further unusual for the district due to their near-absence of vugs and late stage ore 
minerals (i.e. cubic galena).   
Mineral Zoning and Alteration 
There is discernable zoning of Cu-Ni-Co, Zn and Pb mineralization with 
increasing distance above the Lamotte Sandstone (Fig. 7).  The lowermost ~ 0.5 m of the 
Bonneterre Dolomite hosts distinct Ni-rich and Co-Ni-rich areas near the southern and 
northern ends of the orebody, respectively.  These areas are enveloped by Cu-rich 
mineralization, which may extend upward another 6 m, above which is up to ~ 20 m of 
Zn-rich ore and an additional 5 m of Pb-rich ore.  Beneath the orebody, colloform-like 
sulfides occur within the Lamotte Sandstone, with the density of sulfide occurrence 
increasing upward towards the Lamotte Sandstone-Bonneterre Dolomite contact (Fig. 
8A).  Closer to the base of the orebody, the sulfide masses coalesce to form larger 
irregularly shaped bodies or bedlike forms composed of pyrite, chalcopyrite, or 
sphalerite.  Less commonly, decimeter-scale, planar features are found in the quartz 
arenite that display symmetric sulfide mineral zoning, indicating likely fracture-enhanced 
conduits for ore fluid flow (Fig. 8B).  In some areas, the Cu-Zn-Pb zoning is distinct and 
consistent.  In other areas, juxtaposition of successive episodes of mineralization, due to 
introduction of ores along fractures, complicates the zoning. 
The orebody displays sharp margins with the surrounding weakly mineralized 
carbonate host rock (Fig 9A).  Bedding in the adjacent host rock ends abruptly in massive 
and brecciated ore.  Where meter-scale blocks of host rock are observed within the 
orebody, they have corroded margins and appear to be unrotated, suggesting that they 
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represent undigested remnants (like roof pendants) in otherwise massively dissolved 
areas. 
There does not appear to be a distinct mineralized halo around the orebody.  
Shaley and sandy facies of the Bonneterre-Lamotte contact display pervasive green 
alteration associated with coarse sphalerite (Fig 9B).  Within the host rock, proximal to 
the orebody, discontinuous sulfide mineralization occurs as spherical aggregates of iron- 
and zinc-sulfides within the Lamotte Sandstone and isolated pods of sphalerite parallel to 
volcanic ash layers and shaley beds within the Bonneterre Dolomite (Snyder and 
Gerdemann, 1965) (Figs. 9C,D).  Minor galena is found filling fractures that cross-cut 
bedding along the Bonneterre-Lamotte contact (Fig. 9D).   
 
Figure 7.  Idealized metal zoning map of mineralization in the lower section orebody 
of the Brushy Creek mine. The lowermost ~ 0.5 m hosts distinct Ni-rich and Co-Ni-rich 
areas near the southern and northern ends of the orebody, respectively. These areas 
are enveloped by chalcopyrite-rich mineralization, which may extend upward 
another 6 m, above which is up to ~ 20 m of sphalerite-rich ore and an additional 5 m 
of galena-rich ore encasing the orebody. 
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Figure 8.  A) Irregular masses of colloform pyrite (Py) in the Lamotte Sandstone 
coalesce to form a bedlike surface below the ore body.  Isolated irregular masses 
of sphalerite (Sp) occur throughout the sandstone.  A planar feature (center of 
the image) displays symmetric zoning of light and dark sphalerite and indicates 
fracture control of ore fluid flow.  B) Sample of fracture-controlled sphalerite ore 
with symmetrical zoning pictured in (A). 
B 
A 
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Figure 9.  Mineralization styles surrounding the orebody.  A) The top of the orebody 
(Pb-rich zone) displays sharp margins with undeformed bedding (white dashed 
outline).  Calcite (Cc) cements a later dissolution breccia that extend above the 
massive galena.  B) Intensive green alteration of sandy carbonate host littered with 
coarse sphalerite.  Individual sphalerite grains can be large (up to 5 cm).  C) 
Colloform, spherical aggregates of Fe-sulfides (dark) in the Lamotte Sandstone (Ss) 
near the margin of the orebody.  D) Isolated sphalerite (Sp) pod parallel to green 
shaly beds of the basal Bonneterre Dolomite (Dol). Later galena (Gn) fills steeply 
dipping fractures.  
A B 
C D 
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Ore Mineralogy and Paragenesis 
 
Detailed microscopic studies of the lower section ores were undertaken to provide 
a framework for subsequent geochemical studies aimed at determining whether the ores 
are the products of a single fluid that evolved chemically or instead represent multiple 
distinct fluid events.  The orebody consists of multiple generations of mineralization as 
evidenced by distinct areas of early Ni and Ni-Co mineralization; compositional banding 
and textural disparities of sphalerite, chalcopyrite, and pyrite/marcasite; and relicts of 
early stage minerals replaced by later, main stage minerals.  Ore mineralogy and 
paragenesis are described within the context of vertical zoning of Cu, Zn and Pb in the 
orebody with increasing distance above the Lamotte Sandstone.   
Lamotte Sandstone sulfide mineralization 
The colloform-like sulfides within the Lamotte Sandstone occur as cm-scale 
spherical masses composed typically of pyrite cores mantled by thin rims of other sulfide 
minerals (chalcopyrite, Co-Ni sulfide, sphalerite or galena) that replace the pyrite.  In 
hand specimen, these masses appear to be completely sulfide, but examination in thin 
section reveals that they are composed of nearly equal amounts of sulfides and quartz 
grains (Fig. 10A,B).  They appear to have formed preferentially where porosity was 
higher, owing to lack of cement among rounded quartz grains.  In some cases, the quartz 
grains cemented by sulfide are irregularly shaped or fractured as a result of mechanical 
and/or dissolution processes.  Some microfracturing is associated with introduction of 
late bitumen (Fig. 10C).   
Dissolution is intense within the sandy carbonate of the lowermost Bonneterre 
Dolomite, as later mineralization is observed to partially or fully occlude cavities formed  
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Figure 10.  Images and reflected plane polarized light (RL) photomicrographs of 
sulfide mineralization in the Lamotte Sandstone (LS) and sandy carbonate of the 
lower Bonneterre Dolomite (BT).  A) Spherical aggregates of pyrite rimmed by 
sphalerite in quartz arenite.  B) RL image of sulfide aggregates in the LS. Gn = galena, 
Py = pyrite, Qz = quartz.  C) RL image of a fracture in pyrite (Py) and quartz (Qz) 
grains of the LS filled by late bitumen.  Angular clasts of brecciated quartz appear 
oriented subparallel to the fracture.  Finer pyrite euhedra occur within and adjacent 
to the fracture, implying late recrystallization.  D) Massive pyrite that has undergone 
partial conversion to marcasite (FeS2) has completely replaced the sandy carbonate 
BT matrix. Euhedral pyrite rims the voids created by dissolution of allochems. Later 
sphalerite (Sp; orange in transmitted light) and anhedral galena (Gn) fill remaining 
voids. 
A B 
D C 
Py 
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by dissolution of carbonate allochems (Fig. 10D).  Carbonate dissolution created porosity 
which is filled by iron-sulfides that are subsequently replaced by ore minerals. 
Cu-Ni-Co mineralization   
Within the orebody, in the upper Lamotte Sandstone, colloform pyrite and 
chalcopyrite are dominant.  Above the sandstone, in the first few meters of the lower 
Bonneterre Dolomite, multiple generations of chalcopyrite comprise the majority of the 
ore.  Earliest chalcopyrite has an intensely fractured appearance compared to second-
generation chalcopyrite (Fig. 11) and has not been observed outside of the Cu-Ni-Co 
zones.  Electron microprobe analysis of early chalcopyrite indicates higher Ni and Co 
contents (up to 1.8 mole % each) relative to second-generation chalcopyrite (Table 1).  It 
replaces early colloform and euhedral pyrite and, uncommonly, overgrows brown and 
black sphalerite.  Second-generation, colloform chalcopyrite has a cleaner appearance, 
and electron microprobe analysis shows it to have higher concentrations of As and Sb (up 
to 0.20 and 0.07 mole %, respectively) than first-generation chalcopyrite (Table 1).  
SEM-energy dispersive spectrometry (EDS) analysis identified that recrystallized, 
diagenetic pyrite (likely as insoluble residue) forms masses that serve as nuclei for some 
second-generation chalcopyrite (Fig.12A).  A third generation of chalcopyrite (± pyrite 
inclusions) occurs as euhedral crusts, whose occurrence is not limited to the Cu-Ni-Co 
zone.    
Ni-Co-bearing sulfides occur in multiple generations.  Colloform siegenite and 
gersdorffite overgrow and replace first-generation chalcopyrite (Fig. 12B).  Ni-sulfides 
(millerite and polydymite) occur as elongate crystals that are overgrown and replaced by 
second and third generation chalcopyrite (Figs. 12C-E).  Subsequent siegenite  
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   As mole %   Sb mole %   Ni mole %   Co mole % 
Minimum 0.02 0.00 0.00 0.01 
Mean 0.09 0.01 0.41 0.38 
Maximum 0.13 0.04 1.82 1.76 
Minimum 0.10 0.02 0.00 0.00 
Mean 0.14 0.04 0.00 0.01 
Maximum 0.20 0.07 0.01 0.02 
Figure 11.  A) RL image of fractured, first-generation chalcopyrite (Ccp 1) overgrown 
by colloform and euhedral chalcopyrite (Ccp 2 and 3).  B) Back scatter electron (BSE) 
image of first-generation chalcopyrite (Ccp 1) and colloform chalcopyrite (Ccp 2).   
 
 
 
Table 1.  Summary of the compositional ranges of specific trace metals measured by 
electron probe microanalysis wavelength dispersive spectrometry in first-generation 
chalcopyrite (Ccp 1) and colloform chalcopyrite (Ccp 2). 
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Figure 12.  Representative reflected light (RL) photomicrographs of Cu-Ni-Co 
mineralization.  A) Remnant pyrite (Py) overgrown by colloform chalcopyrite, 
which is mantled by a thin rim of siegenite (Sgn) followed by a euhedral 
chalcopyrite crust.  Minor cuboctahedral galena (Gn) overgrows euhedral 
chalcopyrite.  B) Tarnished, colloform gersdorffite (Gf) (± siegenite) overgrows 
first-generation chalcopyrite.  Second generation chalcopyrite and dolomite 
cement (Dol) fill remaining open space.  C) Chalcopyrite replacing earlier 
needles of millerite (Mlr) in a matrix of dolomite and sphalerite (Sp).  D) 
Relative intensity X-ray map (energy dispersive X-ray spectroscopy) showing 
relative concentrations of nickel.  Highest Ni concentrations correspond to the 
elongate millerite crystals identified in (C).  E) Coarse, euhedral polydymite 
crystals (white) that have partially dissolved centers and altered rims hosted in 
a shaley matrix.  Anhedral galena fills interstices.  F) Large grain of siegenite 
with fracture-filling galena, hosted within a matrix of clay and sulfide detritus. 
Siegenite replaces pyrite and chalcopyrite and is overgrown by euhedral 
dolomite cement. 
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forms subhedral bands on second-generation chalcopyrite (Fig. 12A).  Latest siegenite 
occurs as coarse euhedral crystals (mm to cm-size) that overgrow and replace pyrite and 
chalcopyrite (Fig. 12E).  Siegenites are nickeliferous, with Ni:Co ratios of ~1.5:1 as 
determined by scanning electron microscopy and EDS (Appendix II).  Minor yellow 
sphalerite fills fractures within the Cu-Ni-Co zone.   
Zinc mineralization 
The Zn-rich zone is a complicated mixture of multiple generations of sphalerite 
that have been brecciated repeatedly throughout deposition (Fig. 13A,B).  Introduction of 
ore-depositing fluids varied in time and space, such that not all sphalerite generations are 
present in the same areas, making reconstruction of the mineral paragenesis difficult.  In 
order of decreasing abundance, the types of sphalerite observed are:  fine to coarse-
grained disseminated sphalerite with a variety of distinct colors; concentrically zoned 
sphalerite; schalenblende; and acicular spherules.   
Radially acicular, black spherules are the earliest sphalerite generation and are 
more abundant in the lower portion of the orebody, in and above the chalcopyrite zone 
(Fig. 14A).  They appear porous in reflected light, in contrast to the smoother texture of 
subsequent sphalerite.  Euhedral, brown sphalerite occurs as isolated crystals in the lower 
portion of the Zn-rich zone (Fig. 14B).  Schalenblende, a finely banded ZnS (sphalerite 
and/or wurtzite) reported previously in the Viburnum Trend from the West Fork and 
Fletcher mines (Mavrogenes et al., 1992), occurs as a minor phase throughout the Zn-rich 
zone.  It is observed to overgrow early spherules and brown sphalerite and expresses a 
porous texture in reflected light like the black spherules (14C).  Schalenblende is  
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Figure 13.  Ore mineralization in the zinc-rich zone.  A) Massive sphalerite (Sp) 
and chalcopyrite (Ccp) in sandy dolomite of the lower Bonneterre Dolomite. 
Only a few residual fragments of sandy host rock (HR) remain.  The arrow 
indicates a steep fracture on the left side of the sample, which offsets 
mineralization.  B) Scan of thin section showing zinc ores are a complex mixture 
of multiple generations of sphalerite.  Coarser crystals of distinct colors form 
aggregates and bands that overgrow one another, coeval with brecciation 
events.  Cuboctahedral galena (Gn) and carbonate (white) fill remaining open 
space. 
A 
B 
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commonly overgrown by coarser bands of red-yellow sphalerite and infrequent subhedral 
galena (Fig 14C,D).  In clay-rich zones (insoluble residue), sphalerite forms large (up to 
cm-size) floating crystals, which typically display deep red, mottled, clay- and organic-
rich cores surrounded by nearly colorless zones with deep green rims (Fig. 14E).  
Uncommonly, deep red sphalerite has been observed overgrowing cores of deep green 
sphalerite in other parts of the orebody, such as near the southern edge of the Zn-rich 
zone.  Concentrically zoned sphalerite occurs as isolated crystals predominantly within 
the upper portion of the Zn-rich zone, frequently in association with second- and third-
generation chalcopyrite and organic matter (Fig. 14F).   
Orange sphalerite (reddish brown in hand specimen) is the dominant disseminated 
variety and occurs throughout most of the orebody.  It is observed to overgrow black 
spherules (Fig. 14A), red sphalerite, and schalenblende in the Zn-rich zone.  Yellow 
sphalerite is the last Zn-sulfide phase and occurs as overgrowths and fracture fillings 
within the orebody and as isolated pods in the surrounding host rock.  
A compositional traverse from finer-banded schalenblende to coarser banded 
sphalerite overgrowths reveals an overall increase in iron content from ~ 4 to 8 mole %, 
until late yellow sphalerite is encountered, in which iron content drops (< 3 mole %.)  
Coarser bands also show generally higher Co and Ni values (up to 1.05 and 0.99 mole %, 
respectively) than finer schalenblende (up to 0.02 and 0.03 mole %, respectively).  Finer 
schalenblende possesses higher concentrations of Cu of up to 0.20 mole %.  Cd contents 
increase and decrease but show a relatively constant value of ~ 0.10 mole % in the early 
fibrous black Zn-sulfide that correlates with low iron contents.   
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Figure 14.  Representative photomicrographs of Zn-sulfide mineralization.  A-C, 
PPL images.  A) Early, radially acicular, black sphalerite spherules overgrown by 
coarse, orange sphalerite, in a dolomite (Dol) and clay matrix.  B) Brown 
sphalerite with included organic matter in sandy dolomite.  C) Finely banded 
schalenblende (bottom) overgrown by coarser red-yellow sphalerite, crosscut by 
late yellow sphalerite (top left next to letter).  A traverse across similar banding 
shows an overall increase in iron content from finer schalenblende to coarser 
sphalerite.  D) RL image of schalenblende (Sch) shows porous texture relative to 
sphalerite.  In rare instances, subhedral galena overgrows schalenblende near the 
top of the Zn-rich zone.  E) PPL image of deep green sphalerite with dark red, 
organic-rich core in a clay-rich matrix.  F) PPL image of concentrically zoned 
sphalerite subjected to later fracturing. 
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Figure 15.  Trace element variation from core to rim of schalenblende banding and 
coarse sphalerite overgrowths compared to Fe content using wavelength dispersive 
spectroscopy.  Photo inset shows location of linear traverse.  Analysis points were 
spaced at 50 micron intervals. 
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Lead mineralization 
The Pb-rich zone is dominated by galena, but contains earlier minerals found 
throughout the orebody.  Disseminated orange sphalerite is common.  A late generation  
of chalcopyrite overgrows orange sphalerite and clasts of brecciated deep-red and 
concentrically zoned sphalerite.  Euhedral pyrite persists throughout the orebody, but has 
experienced significant replacement by other sulfides.  An early generation of collofrom 
marcasite follows deposition of fine pyrite euhedra.  Galena typically fills available 
porosity as anhedral mineralization, but euhedral examples display a cuboctahedral habit 
(Fig. 16).  Galena is typically the last ore mineral deposited except where intergranular 
and fracture porosity is filled by earlier marcasite or yellow sphalerite.   
A late generation of colloform marcasite caps galena and chalcopyrite near the 
edges of the orebody as the last sulfide deposited.   
Gangue cements 
Gangue cements are not abundant within the orebody and are exclusively 
carbonate.  Hydrothermal dolomite comprises the majority of cement mineralization but 
is distributed sparsely throughout the sulfide deposit as early brecciated rhombs and later 
fracture fillings.  Minor calcite precipitated after sulfide deposition as the last 
hydrothermal mineral of the orebody paragenesis.  It is most abundant above the orebody, 
where it cements a dissolution breccia overlying the Pb-rich zone (Fig. 9A).  Calcite 
occurs sporadically within the orebody as thin veins and vug-filling crystals or partial 
replacement of earlier dolomite. 
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Figure 16.  Representative RL photomicrographs of mineralization in the 
Pb-rich zone.  A) Cuboctahedral galena (Gn) overgrowing sphalerite (Sp) 
and late chalcopyrite (Ccp).  Colloform marcasite (Mrc) and dolomite fill 
remaining open space.  B) Fibrous marcasite follows deposition of 
sphalerite and pyrite euhedra that have had their cores dissolved.  
Anhedral galena fills the corroded cores of the coarse pyrite euhedra.   
Py 
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Paragenesis 
Observations using transmitted and reflected light microscopy combined with 
elemental diagrams and quantitative EDS/WDS point analysis resulted in construction of 
the paragenesis presented in Fig. 17.  Hydrothermal mineralization was deposited 
sequentially in at least three stages and varied temporally and spatially during deposition.  
Each stage of mineralization is associated with a generation of dolomite cement.  Earliest 
sulfides occur as disseminated diagenetic pyrite prior to hydrothermal mineralization.   
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Figure 17.  Generalized paragenesis of hydrothermal minerals in the lower orebody.  
Sphalerite colors correspond to generational varieties mentioned in text.  Abbreviations: 
CFM = colloform, EUH = euhedral. 
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CHAPTER III:  CATHODOLUMINESCENCE (CL) PETROGRAPHY 
 
 
 
Cathodoluminescence (CL) microscopy was used to document growth zoning 
(compositional variations) (Fairchild, 1983; Machel, 1985) and to assess the similarity 
and relationship of the lower orebody gangue carbonate cements to the well-documented 
CL responses of gangue carbonate cements in the Viburnum Trend orebodies hosted in 
the upper Bonneterre Dolomite (Voss et al., 1989). 
Results 
Dolomite 
A characteristic dolomite CL stratigraphy with four distinctive zones (zones 1-4) 
is pervasive throughout the Viburnum Trend deposits and regionally throughout the 
southeastern Missouri region (Fig. 18) (Voss and Hagni, 1985; Gregg, 1985; Rowan, 
1986; Farr, 1989).  Zone 1 displays moderate-to-bright, mottled luminescence with no 
banding.  Zone 2 consists of a dull to non-luminescent band deposited onto the corroded 
surface of Zone 1.  Zone 3 has complex bright and non-luminescent banding separated by 
a dissolution surface.  Zone 4 is a thick, dull to non-luminescent band.  These cements are 
associated temporally with MVT ore deposition and host rock dissolution (Voss et al., 
1989). 
CL microscopy of samples from the lower ore zone of the Brushy Creek mine 
indicate that ore is associated with two dominant generations of dolomite cement (Fig. 
19A-D) unlike that associated with more typical orebodies hosted higher in the 
Bonneterre Dolomite.  A bright, multi-banded CL dolomite (LOZ Bright) formed pre-ore  
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Figure 18.  CL stratigraphy of a typical 4-zone cement associated regionally with 
MVT mineralization in the upper Bonneterre Dolomite (Voss et al., 1989). 
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as finer-grained crystals (~ 0.1 mm).  A second, moderately bright to moderately dull 
banded dolomite (LOZ Moderate) formed subsequently between orange and yellow 
sphalerite deposition as medium- to coarse-grained dolomite rhombs (~ 0.25 - 0.50 mm) 
(19B,C).   
A paragenetically later dolomite cement with a thick, non-luminescent outer zone 
(LOZ Dark), which is similar to the regional 4-zone cement (Fig. 18), occurs infrequently 
where the second generation of dolomite cement extends into late pore spaces (19B,D).  
Late, orange-yellow luminescent calcite can be seen penetrating and replacing dolomite 
cements (Fig. 19D).   
The two intensely banded dolomite stratigraphies found in the lower ore zone of 
the Brushy Creek mine are consistent throughout the orebody.  Rare partial dissolution of 
LOZ Bright occurred prior to deposition of LOZ Moderate, and brighter banded zones of 
LOZ Moderate uncommonly display a red mottled appearance (Fig 19C).  Otherwise, the 
stratigraphies remain intact and undistorted across the orebody.  
Minor amounts of these two dolomite cements have been observed, in drill core 
samples, filling fractures that extend above the lower orebody to within 4 meters of an 
overlying, more typical Viburnum Trend Pb-Zn breccia orebody hosted in the upper 
Bonneterre Dolomite.  There, the earlier cements can be found as remnants overgrown by 
the more typical 4-zone CL dolomite cement (Fig 18, 19E), suggesting that early fault-
related ore fluid pathways continued to be active during the main stage Pb-Zn 
mineralizing event.   
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Figure 19.  Representative images of dolomite cements.  A) Transmitted plane polarized 
light (PPL) and B) CL photomicrographs that demonstrate the paragenetic relationship of 
the dolomite cements.  Earlier LOZ Bright (LOZ-B) occurs as finer euhedra, overgrown by 
coarser LOZ Moderate (LOZ-M).  Infrequent cement with an outer non-luminescent zone, 
LOZ Dark (LOZ-D), overgrows the two earlier cements.  C) LOZ Moderate with 
uninterrupted banding of the zone fills interstices of cavities in the sandy carbonate of 
the lower Bonneterre Dolomite.  D) Orange-yellow luminescent calcite (Cc) overgrows 
and replaces dolomite rhombs (Dol).  E) Earlier LOZ cements as fine brightly luminescent 
remnants overgrown by 4-zone cement stratigraphy 4 m below the floor of a breccia 
orebody hosted in the upper Bonneterre Dolomite.  
E 
A B 
C D 
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Quartz 
CL microscopy of sand grains in the Lamotte Sandstone determined that most 
rounded quartz grains do not luminescence, even at long exposure times.  When quartz 
did luminescence, it typically exhibited a pale to bright blue color, which is commonly 
interpreted as initial igneous origin (Marshall, 1988).  Rarely, quartz grains exhibited a 
faint red CL response (Fig. 20).  The red luminescence typically occurs as a rind and is 
associated with fractured quartz grains cemented by or close to sulfide mineralization in 
the sandstone.  Caution should be taken in interpreting quartz luminescence as many 
variables (i.e. temperature of formation, strain, time exposure to electron beam) can 
generate and alter luminescence (Marshall, 1988).  Significant quartz cementation was 
not observed in the Lamotte Sandstone below the lower orebody at Brushy Creek mine.   
Sphalerite 
Within the ore body, most sphalerite was non-luminescent, although some 
sphalerite displayed orange, blue, and green luminescence.  Schalenblende especially 
showed starry, orange and green luminescence (Fig. 19B).  Uncommon zones of orange 
and dark blue luminescence were observed in zoned brown sphalerite filling pore spaces 
in the Lamotte Sandstone (Fig. 20).  Ag and Ga reportedly promote blue luminescence 
whereas Cu ± Ge promote green luminescence (Goni & Rémond, 1969; Marfunin, 1979; 
Karakus et al., 2008).  Orange luminescence has been linked to the Mn2+ content 
(Karakus et al., 2008). 
Other dolomite cements in southeast Missouri 
Beyond the Viburnum Trend, several cathodoluminescent studies have analyzed 
various kinds of dolomite CL stratigraphies in the region in order to understand the  
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Figure 20.  A) PPL and B) CL photomicrographs of sphalerite and pyrite 
mineralization in the Lamotte Sandstone. Brown sphalerite exhibits zoned 
orange and blue luminescence.  Some quartz grains fluoresce faintly blue.  A 
few, red-fluorescent quartz grains appear in the center right of the photograph. 
B 
A 
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relationship among aquifers, fluid flow, and metal/sulfur sources (Gregg, 1985; Gregg 
and Hagni, 1987; Farr, 1989; Voss et al., 1989; Gregg and Shelton, 1989a,b; Keller et al., 
2000).  CL stratigraphies for cements in the Bonneterre Dolomite from deep drill holes in 
southeast Missouri are of particular interest (Fig. 21; see stars on Fig. 1 for location).  
Keller et al. (2000) reported multi-banded patterns for his “Western Platform” cements 
that are more similar to the CL stratigraphy of the LOZ cements.  They interpreted the 
unusual CL patterns of those dolomites to reflect distinct fault-bounded fluid reservoirs 
that had little communication with regional fluid flow in adjacent carbonate platform 
rocks. 
Summary 
The lower orebody contains three distinct dolomite cement CL stratigraphies.  
The early LOZ Bright pre-dates ore deposition and appears to be a previously 
undocumented cement.  LOZ Moderate and LOZ Dark share some similarity to CL 
zoning patterns of the regional 4-zone dolomite cement stratigraphy that is associated 
with main stage Pb-Zn mineralization in the Viburnum Trend (Voss et al., 1989) (Fig. 
18).  The disparity in dolomite cement types in the lower and upper Bonneterre 
Dolomite-hosted ores could reflect the presence of temporally and chemically distinct 
fluid reservoirs during the history of ore deposition in the Viburnum Trend.  
Alternatively, they could be the products of chemically distinct fluids that existed 
contemporaneously in different portions of the stratigraphic section.  The similarity of the 
lower ore zone’s dolomite cements to those the Western Platform cements could indicate 
a potential fault-related source for such fluids.  Fluid inclusion studies and stable isotope 
studies will help to test these possibilities.  
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Figure 21.  CL stratigraphy of dolomite cements from deep drill holes adjacent to 
the Reelfoot Rift > 240 km from the Viburnum Trend (see stars in Fig. 1).  Keller et 
al. (2000) identified this stratigraphy as an early, fault-block-related cement 
distinct from regional fluid flow on the adjacent platform rocks in southeast 
Missouri. 
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CHAPTER IV: FLUID INCLUSION STUDIES 
 
 
 
Fluid inclusion studies were undertaken to identify and characterize the types of 
fluids present in the lower orebody and to determine their Th and Tm values and fluid 
geochemistry.  A major objective of the fluid inclusion microthermometry and LA-ICP-
MS analysis is to compare temperatures, salinities, and included fluid of the lower 
orebody to those of more typical orebodies in the upper ore horizon of the Viburnum 
Trend.     
Occurrence and compositional types of fluid inclusions 
Fluid inclusions in the lower orebody of the Brushy Creek mine are exclusively 
two-phase (liquid and vapor) aqueous brine inclusions found in sphalerite, dolomite 
cements, and detrital quartz grains.  Inclusions in dolomite are abundant and densely 
grouped, but predominantly ˂ 5 µm in diameter, especially in the earliest dolomite 
cement, making measurements limited and difficult.  Many fluid inclusions in sphalerite 
were too opaque to measure.  Assemblages of three or more fluid inclusions are 
uncommon in the orebody.  Primary inclusions are common along growth zones of 
sphalerite and most dolomites and appear as roughly equidimensional or elongate 
inclusions and as isolated, irregularly shaped inclusions (Fig. 22A,B).  Pseudosecondary 
and secondary inclusions occur as the most abundant fluid inclusions in detrital quartz 
grains and sphalerite, likely reflecting multiple episodes of brecciation.  These inclusions 
occur as small groups of rounded inclusions typically along healed fractures (Fig 22C).   
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Ultraviolet (UV) Fluorescence Microscopy 
  Observation of the fluid inclusion samples under UV excitation reveals 
hydrocarbons with varying fluorescent properties in zoned red-brown sphalerites, 
schalenblende, and black sphalerite spherules.  Fluorescent properties are strongly 
dependent upon chemical composition of the hydrocarbons.  Heavy, immature 
hydrocarbons tend to fluoresce red-shifted colors, whereas lighter, mature hydrocarbons 
fluoresce blue-shifted colors (Riecker, 1962).  Growth zones of sphalerites of this study 
contain hydrocarbons that fluoresce burnt-orange in the center and yellow further out in 
zoning, signifying that organic matter was undergoing maturation coeval with ore 
deposition (Fig. 23).  Most hydrocarbons within the schalenblende and black spherules 
exhibit blue fluorescence, which is generally indicative of organic matter having been 
heated into the oil window (Henry et al., 1992).   
Whether or not the hydrocarbons matured in situ or were carried to the site of ore 
deposition could have important implications for the transport and precipitation of ore 
constituents.  Organic maturation and hydrocarbon generation have been suggested as 
viable sulfate-reducing agents for MVT formation (Anderson, 1991; Wallace et al., 2002; 
Anderson and Thom, 2008).   
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Figure 22.  Representative photomicrographs of fluid inclusions from the lower 
orebody of the Brushy Creek mine.  A) Primary inclusions in sphalerite of variable 
clarity.  B) Primary inclusions along growth zones in dolomite cement, LOZ 
Moderate.  C) Pseudosecondary or secondary inclusions in sphalerite along a healed 
fracture. 
A B 
C 
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Figure 23.  Representative photomicrographs of UV fluorescence observations of 
sphalerite.  A) PPL and B) UV images of zoned red-brown sphalerite.  Burnt orange 
fluorescence indicates heavy, immature hydrocarbons.  Yellow fluorescence signifies 
lighter, more mature hydrocarbons than those found in the earlier growth zone.  C) 
PPL and D) UV image of blue fluorescent fluid inclusions trapped along a growth 
zone of early black schalenblende.  Blue fluorescence indicates light, mature 
hydrocarbons. 
 
A B 
D C 
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Microthermometry 
Measurements were made on a total of 111 fluid inclusions representing several 
generations of sphalerite, the two major dolomite cement generations, and secondary 
inclusions in detrital quartz.  Results are presented in Figure 24 and Appendix III, Table 
1.  The quartz-hosted secondary fluid inclusions were problematic as they could not be 
positively associated with the mineralization event based upon their microthermometric 
results.  Data for LOZ Bright dolomite are limited, because of extremely small fluid 
inclusion dimensions and potential stretching during heating.  Sphalerites yielded larger 
fluid inclusions, of which the largest are about 45µm in diameter.  The inclusions in black 
spherules proved too dark to measure successfully.  Measurements for green sphalerite 
were taken from a sample in which green sphalerite deposition preceded red sphalerite.  
Homogenization temperature (Th) values have not been corrected for pressure. 
Sphalerite 
Microthermometry results for fluid inclusions hosted by sphalerite are shown in 
Figure 25.  Th values of fluid inclusions in sphalerite range between 66 and 232°C with 
an average of 110°C.  Last ice melting temperatures (Tm) range between -5.4 and -25.4°C 
with an average of -16.2°C.  Ranges and averages of Tm and Th values for different 
generations of sphalerite are shown in Table 2.  Eutectic melting temperatures (Te) are 
quite low (between -22.3 and -70.8°C) and indicate the likely presence of ions in the 
aqueous inclusions other than Na and Cl. 
Both brown and green sphalerite have fluid inclusions with narrow ranges of Th 
and Tm values indicating deposition from a relatively low-temperature fluid (Th < 80°C), 
with salinities of 19.1 to 21.8 wt. % equiv. NaCl.  Red sphalerite contains fluid inclusions  
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Figure 24.  Homogenization (Th) versus last ice-melting temperatures (Tm) for 
primary, secondary, and pseudosecondary fluid inclusions measured in sphalerite, 
dolomite, and quartz. 
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Figure 25.  Homogenization (Th) versus last ice melting temperatures (Tm) of fluid 
inclusions in various generations of sphalerite.  The blue outline emphasizes the high 
Th values associated with schalenblende.   
 
Table 2.  Summary of the ranges of homogenization and last ice melting 
temperatures for multiple generations of sphalerite, listed in descending order from 
oldest to youngest.  Abbreviations: Max = maximum, min = minimum. 
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Red
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Yellow
Green
Paragenetic 
Stage Pop. Max
Th (°C) 
Min Mean  Max
Tm (°C) 
Min Mean Max
Salinity           
(wt. % equiv. 
NaCl)              
Min Mean
Brown n=5 77 71 74 -15.4 -18.8 -17.3 21.8 19.1 20.7
Green n=4 78 73 76 -15.4 -17.9 -16.1 21.1 19.1 19.7
Red n=14 102 72 88 -10.1 -24.0 -16.2 25.4 14.1 19.5
Schalenblende n=9 232 145 191 -11.1 -23.3 -18.2 24.9 15.1 21.2
Orange n=35 180 66 105 -5.4 -25.4 -13.0 26.3 8.4 16.7
Yellow n=11 134 96 115 -13.1 -23.1 -20.6 24.8 17.1 23.0
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with relatively higher Th values (mean Th = 88°C) with a wider range of Tm values 
corresponding to salinities of 14.1 to 25.4 wt. % equiv. NaCl.  Schalenblende-hosted fluid 
inclusions have the highest Th values measured in zinc sulfides (up to 232°C; mean Th = 
191°C) and have a large range of Tm values, indicating salinities of 15.1 to 24.9 wt. % 
equiv. NaCl.  Orange sphalerite has the widest range of Th (66 to 180°C) and Tm values, 
reflecting salinities of 8.4 to 26.3 wt % eq. NaCl.  Fluid inclusions from yellow sphalerite 
hosted within the sandstone record a highly saline, moderately high temperature fluid (Th 
= 96 to 134°C). 
 The highest Th values hosted within the schalenblende could be real.  There is also 
the potential that the values could be an artifact of post-depositional changes, such as 
stretching and/or inversion of wurtzite to sphalerite.  They are in agreement with the 
higher Th values for dolomite, therefore it is reasonable to interpret them to represent a 
high-temperature fluid. 
 Temporal evolution of microthermometry values (sphalerites) 
Th values for fluid inclusions in sphalerite demonstrate a complicated trend when 
placed within the context of the mineral paragenesis (Fig. 26).  The data show an initial 
low-temperature fluid that evolves into or is replaced by hotter fluids that give way to 
later cooler fluids.  Average salinities are generally > 20 wt. % equiv. NaCl, although red, 
orange, and schalenblende show lower values of salinity.  The wide range of Th values 
and salinities likely indicate the presence of geochemically distinct fluids mixing in the 
lower stratigraphy of the Bonneterre Dolomite.  This agrees with the observed 
overlapping paragenetic relationship of red and green sphalerite, which suggested 
temporal and spatial variations of the parent fluids. 
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Figure 26.  Diagram illustrating the progression of ranges and means of Th values for 
fluid inclusions in various generations of sphalerites with increasing paragenetic 
time.  The red dots represent the average Th value of each generation.  Bars 
represent the minimum and maximum Th values.  
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Dolomite 
Microthermometry results for fluid inclusions hosted by dolomite cements are 
shown in Figure 27.  Fluid inclusions in LOZ Bright have Th values of 122 to 216°C with 
an average of 177°C and Tm values of -12.5 to -18.4°C with an average of -15.5°C, 
corresponding to salinities of 16.5 wt. % to 21.5 wt. % equiv. NaCl (n = 5).  LOZ 
Moderate yields Th values of 124 to 164°C (avg. = 143°C) and Tm values of -1.1 to -
22.2°C (avg. = -14.2°C), corresponding to salinities of 1.9 wt. % to 24.2 wt. % equiv. 
NaCl (n = 20).  Te values for both dolomite cement generations are from -20.0 to -53.6°C, 
indicating that the fluid inclusions likely contain dissolved ions other than Na and Cl. 
Temporal evolution of microthermometry values (dolomite cements) 
The temperatures and salinities of fluids hosted in the two major dolomite cement 
generations illustrate a geochemical distinction in parent fluids in spite of the small 
Figure 27.  Homogenization (Th) versus last ice melting temperatures (Tm) of fluid 
inclusions in the two major, lower orebody dolomite cement generations. 
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measured population of LOZ Bright.  LOZ Bright cements formed from a moderately 
high salinity fluid with Th values greater than those of the LOZ Moderate cement.  LOZ 
Moderate cement has a narrower range of Th values but a much larger range of salinities 
(1.9 to 24.2 wt. % equiv. NaCl).  The dissimilarities emphasize the point that these 
cements are unrelated paragenetically to one another.  
The lower salinity end-member of this range is comparable to a low salinity, end-
member fluid documented by Shelton et al. (1992) to be involved in deposition of 
dolomites regionally and in the ore zones of the upper Bonneterre Dolomite.  A similar 
higher temperature, lower salinity fluid was found in sphalerites in veins in the 
Precambrian basement beneath the main ore horizon by Roedder (1977).    
LA-ICP-MS Analysis 
Laser ablation inductively coupled mass spectrometry (LA-ICP-MS) was used to 
determine relative concentrations of aqueous species present in a select suite of thirty-two 
sphalerite and seventeen dolomite fluid inclusions from the lower orebody.  Preference 
was given to samples that contained the most fluid inclusion assemblages, higher Th 
values, larger fluid inclusions, deeper fluid inclusions, and multiple generations of 
sphalerite for the most accurate and precise analysis of an effectively representative 
population of the various kinds of fluids present, particularly the high temperature 
fluid(s) (Heinrich et al., 2003).  Fluid inclusions from brown and green sphalerite were 
not analyzed because they did not meet most of this criteria compared to those hosted in 
other sphalerite generations. 
The more abundant cations in sphalerite-hosted fluid inclusions were Na, K, and 
Mg, with lesser amounts of Sr and Rb.  Ca was detected in five fluid inclusions hosted in 
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red sphalerite and schalenblende at high concentrations (up to ~ 22,000 ppm).  Pb, Ba, 
and Cu were resolved from thirteen, twelve, and two fluid inclusions, respectively.  
Atomic ratios of elements relative to Na are listed in Appendix III, Table 2.  Calculated 
absolute concentrations from those ratios are reported in Appendix III, Table 3.  In the 
dolomite-hosted fluid inclusions, only Na and K were measured consistently with a few 
inclusions containing detectable concentrations of Co, Ba, Pb, and Rb.  Sr concentration 
was masked by high concentrations in the dolomite host and was not above the limit of 
detection when the matrix was used as the background signal. 
Uncertainty of values measured was assessed using relative standard deviation 
(RSD) values for fluid inclusion assemblages with inferred uniform fluid compositions. 
Sphalerite-hosted fluid inclusions have RSD values between 1% and 42% for major fluid 
components K, Mg, Sr, and Ca; and between 1% and 55% for minor fluid components 
Rb, Pb, and Cu (Appendix III, Table 5).  These values are broadly acceptable as realistic 
measurements of uncertainty (Heinrich et al., 2003; Wenz et al., 2012).  RSD values for 
the major fluid component K in dolomite-hosted fluid inclusions range from 9% to 61%, 
and for minor fluid components of Co and Ba, the RSD is between 33% and 68%, which 
implies the results are not generally precise geochemically (Appendix III, Table 6).    
The high RSD values in dolomites are most likely because of their composition.  
Clusters of tiny fluid inclusions overprinted the host signal, which prevented accurate 
quantification of the matrix composition, and may well have exaggerated the main fluid 
inclusion signal in the laser ablation trials.  Solid clay inclusions rich in K, Al, and some 
ore metals were abundantly present in some dolomite zones and likely overstated the 
metal concentrations measured in both the host signal and the main fluid inclusion signal, 
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subsequently inflating relative standard deviation values.  As a result, data for dolomite-
hosted fluid inclusions are presented in the Appendix III, Table 4 as atomic ratios but are 
not presented in depth for this study. 
Non-ore metals 
Na, K, and Mg are the more abundant elements with absolute concentrations in 
sphalerite-hosted inclusions averaging 60,611 ppm, 4,627 ppm, and 2,615 ppm, 
respectively.  There is a significant population of high-salinity fluid inclusions with lower 
absolute Na concentrations of ≤ ~ 40,000 ppm present in red sphalerite and to a much 
lesser extent in orange sphalerite (Appendix III, Table 3).  This population may have 
higher atomic ratios relative to Na, not necessarily because of higher absolute 
concentrations of the comparative ion, but because of the low Na concentrations.   
Figure 28 shows the distribution of atomic ratios relative to Na for various 
sphalerite generations across the mineral paragenesis of the lower orebody.  The average 
K/Na atomic ratio is 0.086, but the ratio can be as high as 0.332 for individual inclusions.  
The average Mg/Na atomic ratio is 0.050 with a highest ratio of 0.205.  Ca concentrations 
average 13,125 ppm. 
Ca/Na ratios in these fluid inclusions range from 0.10 to 0.39 with an average of 
0.30.  Ca/Mg ratios range from 1.2 to 10.7 with an average of 4.6, giving these values 
genetic significance.  Appold and Wenz (2011) stated that Ca/Mg ratios of less than 34 
would lead to dolomite replacement of calcite, hence fluids analyzed in the present study 
would have been capable of dolomitizing limestone.   
Sr has an average absolute concentration of 387 ppm, which corresponds with an 
average atomic Sr/Na ratio of 5.92 x 10-3.  Rb, an element commonly incorporated within 
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K-bearing minerals such as those found in the underlying felsic basement, has an average 
of 23 ppm and an average atomic Rb/Na ratio of 5.00 x 10-4. 
Ore metals  
Typical sedimentary brines possess Ba and Cu concentrations of 1s to 10s ppm 
and 10s to 100s ppm, respectively; Pb concentrations in sedimentary brines are typically 
less than 100s ppm (Hanor, 1994), although Appold and Wenz (2011) found 1,000s ppm 
of Pb in Viburnum Trend sphalerite-hosted fluid inclusions.  A total of nineteen fluid 
inclusions have quantifiable ore metals represented by Cu, Pb, and Ba.  Only two orange 
sphalerite-hosted fluid inclusions yielded Cu above detection levels, with concentrations 
of 40 and 87 ppm.  Pb concentrations range between 18 to 707 ppm, with an average of 
280 ppm.   
The Pb/Na atomic ratios values range between 1.9 x 10-4 to 0.022, but the 
paragenetic variation of Pb/Na ratios is inconclusive (Fig. 28G).  The Ba/Na ratios range 
from 2.7 x 10-5 to 8.1 x 10-4 (Fig. 28H).  The highest values are from late yellow 
sphalerite (up to 94 ppm) while the earlier sphalerite generations yield values less than 15 
ppm or none at all, demonstrating that the earlier fluids were unlikely to have contributed 
significant Ba to the northern barite deposits of the southeast Missouri districts (Wenz et 
al., 2012).   
Paragenetic evolution of geochemistry 
Both red and orange sphalerite exhibit wide ranges of K/Na ratios.  Schalenblende 
and yellow sphalerite have narrower ranges and lower ratios (Fig. 28A).  Mg/Na ratios 
depict a progressive decrease and narrower ranges of values as paragenetic time 
progresses (Fig. 28B).  Ca concentrations do not provide enough information to interpret 
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a trend for all sphalerite generations evaluated.  However, the data indicate lower Ca/Mg 
ratios and a wide range of Ca/Na in early red sphalerite and higher Ca/Mg ratios in 
schalenblende accompanied by high Ca/Na ratios (Fig. 28C,D).  The Sr/Na ratios for red 
sphalerite and schalenblende have wide ranges that overlap (Fig. 28E).  Orange sphalerite 
has lower Sr/Na ratios, and yellow sphalerite has higher Sr/Na ratios, which indicates that 
these values may represent distinct fluids for each generation of sphalerite.  Rb/Na ratios 
display a similar trend to that of the Mg/Na ratios, showing progressive decrease of 
values with increasing paragenetic time (Fig. 28F).  Pb/Na ratios in red sphalerite and 
yellow sphalerite show separate ranges, and Ba/Na ratios in red and orange sphalerite are 
lower and narrower in range than Ba/Na ratios in late yellow sphalerite, which agrees 
with the higher absolute Ba concentrations and supports that the fluid responsible for 
yellow sphalerite precipitation represents a distinct fluid entering the system. 
To look more closely at the distinction in Sr/Na ratios in fluid inclusions in 
sphalerite generations, the absolute Sr concentrations were plotted against their Th values.  
The distribution of absolute Sr concentrations shows fields of fluids associated with 
different paragenetic stages (Fig. 29).  Specifically, yellow sphalerite-hosted fluid 
inclusions have the highest absolute Sr concentrations compared to fluids with similar Th 
values.  The fluid that deposited yellow sphalerite may have flowed through a limestone-
bearing aquifer to acquire the higher levels of Sr (Sverjensky, 1984b).  In contrast, the 
relatively low absolute Sr concentrations and low atomic Ca/Mg ratios of fluid inclusions 
in early sphalerites demonstrate that the mineralizing fluids were capable of 
dolomitization.  However, the fluids likely did not flow through limestone aquifers, 
thereby retaining their respective concentrations and acquiring no additional Sr (Wenz et  
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Figure 28.  Box-and-whisker plots of atomic ratios A) K/Na, B) Mg/Na, C) Ca/Na, D) Ca/Mg, E) 
Sr/Na, F) Rb/Na, G) Pb/Na, and H) Ba/Na of fluid inclusions included in different generations 
of sphalerite.  Paragenetic age progresses from left (early) to right (late) on the X-axis.  The Y-
axis is the atomic ratio value.  The box encompasses the interquartile range.  The top of the 
box represents the 75th percentile and the bottom of the box represents the 25th percentile.  
The contact of the upper and lower sections corresponds with the median.  The top and 
bottom of the whiskers mark the maximum and minimum values that lie within a factor of 
1.5 of the interquartile.  Diamonds indicate outliers within a factor of 1.5 and 3 of the 
interquartile range.  Circles indicate outliers greater than a factor of 3 of the interquartile 
range.  
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al., 2012).  This may restrict early fluid flow to dominantly non-limestone aquifers, such 
as the Lamotte Sandstone and the underlying Precambrian basement.   
The decrease in Mg/Na ratios through paragenetic time (Fig. 28B) may reflect 
that later fluids were affected by dolomitization processes that locally lowered Mg 
concentrations intermittently between episodes of sphalerite deposition; by dilution of 
Mg through mixing; or by the source rock providing Mg to the fluid becoming depleted 
over time.   
Sr and Mg concentrations show a strong positive linear correlation for fluid 
inclusions in yellow sphalerite; other sphalerite generations do not exhibit the same 
apparent correlation (Fig. 30).  This may reflect that the fluid that precipitated yellow 
sphalerite may have dissolved carbonate indiscriminately or the trend may illustrate 
mixing between two geochemically distinct fluids.   
The data imply that unique fluids entered the system from geologically disparate 
aquifers at alternating times to precipitate different generations of sphalerite.  The 
isolated Sr fields for different paragenetic phases of sphalerite and the abnormally low 
absolute Na concentrations in high salinity fluid inclusions of red sphalerite—and other 
sphalerites to a lesser degree—lend evidence to this interpretation.   
Comparison to the Viburnum Trend 
Microthermometry 
Figure 31 compares the range of Th values and salinities determined for 
sphalerite- and dolomite-hosted fluid inclusions from this study to those of previous 
studies of more typical orebodies throughout the Viburnum Trend (Roedder, 1977; 
Hagni, 1983; Rowan and Leach, 1989; Shelton et al., 1992; Wenz et al., 2012).  Th values  
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of the lower ore zone’s sphalerite have a much wider range with a lower temperature 
median and minimum.  Several fluid inclusion measurements from sphalerites 
(schalenblende and orange) indicate the presence of a hotter fluid that has not been 
detected in the Viburnum Trend’s upper ore horizon.  Likewise, dolomite cements, 
especially LOZ Bright, of the lower orebody have fluid inclusions with higher Th values 
than fluid inclusions hosted in the regional 4-zone dolomite cement of the Viburnum 
Trend.  Sphalerite-hosted fluid’s salinities are somewhat similar but slightly lower for the 
lower ore zone.  Dolomite-hosted fluid salinities are generally lower for the lower ore 
zone.   
High temperature-salinity relationships  
The higher temperatures and similar salinities of the lower ore zone dolomite 
cements and some of the sphalerites, especially schalenblende, emphasize that there are 
hotter fluids involved in the deposition of the lower orebody that are not detected in fluid 
inclusions of the Viburnum Trend orebodies.  This uniquely shared characteristic implies 
the lower ore zone tapped into a fluid reservoir that the upper orebody mineralization did 
not have access to or which it did not record.   
LA-ICP-MS analysis 
Sphalerite-hosted fluid inclusions in the lower ore zone have an average atomic 
K/Na ratio of 0.094.  The ratio is much higher than the vast majority of data for 
sphalerite, throughout the Viburnum Trend regardless of paragenetic stage, with the 
exception of a few extreme outliers (Fig. 32A).  The Viburnum Trend K/Na outliers 
(0.055 to 0.120) represent mostly Ag-rich sphalerites, which could share a connection to  
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Figure 31.  Box-and-whisker plots of fluid inclusion microthermometric values for a) 
sphalerite and b) dolomite in the upper ore zone of the Viburnum Trend (VT) and the lower 
ore zone of the Brushy Creek mine (LOZ).  Parameters are the same as those detailed in 
Figure 28.  Data sources are listed in the text. 
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Ag-rich sphalerites in the lower orebody.  The ore fluids of the lower ore zone may have 
acquired their K content from reaction with potassic feldspar and mica within the 
Lamotte Sandstone and/or the Precambrian felsic basement, or from naturally higher 
concentrations, as characteristic of hotter sedimentary brines from the deep Arkoma 
Basin (Rothbard, 1983; Hanor, 1994; Diehl and Goldhaber, 1995; Appold and Garven, 
1999).   
Mg/Na atomic ratios have comparable but slightly lower ranges compared to 
those of K/Na for both the Viburnum Trend and the Brushy Creek mine.  The average 
Mg/Na ratio in the lower ore zone is 0.050, which falls within the elevated outliers of the 
Viburnum Trend Mg/Na measurements (Fig. 32B).  The absolute Mg concentrations of 
the lower orebody resemble concentrations of typical sedimentary brines.  The four 
outlying Mg/Na ratios of the lower ore zone (Fig. 32B) do not originate from the same 
fluid inclusions as the four outlying K/Na ratios (Fig. 32A). 
Ca/Na ratios for the lower ore zone appear to be elevated compared to the values 
for the Viburnum Trend.  Only the lowest values of the lower ore zone overlap with the 
range for the Viburnum Trend (32C).  The Ca/Mg ratios are more ambiguous, and the 
upper and lower ore zones appear to have similar ranges (32D). 
The lower ore zone has notably higher Sr/Na and Ba/Na ratios with wide ranges 
relative to those for the more typical Viburnum Trend orebodies (32E,F).  The stronger 
enrichment of Ba and Sr at varying degrees supports the existence of distinct fluids in the 
lower section mineralization.  Such variation in atomic ratios is unlikely to have 
happened if the fluids originated from the same basinal source or aquifer unless they 
experienced significant geochemical evolution. 
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Summary 
1.     UV fluorescence observations provide direct evidence of hydrocarbons in the 
orebody contemporaneous with sphalerite deposition.  This paragenetic coincidence 
introduces the possibility that liquid or gaseous hydrocarbons or their products may 
have had a role in precipitation of some of the orebody.   
2. a) Microthermometry of fluid inclusions from the lower ore body includes a 
wide range of temperatures and salinities compared to data from more typical 
deposits of the Viburnum Trend.  Each stage of the sphalerite paragenesis in the 
lower orebody displays specific Th values across the paragenesis.  Schalenblende has 
the highest Th values and appears to have entered and disrupted the system as a 
distinct fluid.   
 b) Dolomite cements indicate higher temperature fluids and largely lower 
salinities than data from the regional 4-zone dolomite cements.  The range of 
salinities for LOZ Moderate indicate mixing of at least two fluids.  The higher 
temperatures for the lower ore zone cements and some of the sphalerites, especially 
schalenblende, emphasize that there are hotter fluids involved in the deposition of the 
lower orebody.   
3.     Sphalerite-hosted fluid inclusions in the upper orebodies of the Viburnum 
Trend record the highest K/Na, highest Mg/Na, and lowest Ca/Mg ratios of all the 
MVT ore districts analyzed previously in the Ozark Plateau (Wenz et al., 2011).  In 
comparison, sphalerites from the lower orebody record even higher atomic ratios of 
K/Na and Mg/Na than those published for the Viburnum Trend, and elevated ranges 
of Sr/Na and Ba/Na.  Thus, these fluids appear to be geochemically distinct from 
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those that formed the upper orebodies.  The paragenetic trends distinguish multiple 
fluids with distinct compositions and possibly different migration pathways that 
varied with time. 
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Figure 32.  Box-and-whisker plots comparing atomic ratios of fluid inclusions in sphalerites 
measured in this study of the lower ore zone (LOZ) to published compositions measured in 
sphalerites of the upper ore zone Viburnum Trend (VT).  Data sources are listed in the text.  
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CHAPTER V: STABLE ISOTOPE GEOCHEMISTRY 
 
 
 
Stable isotopic studies of dolomite and sulfides within the lower orebody were 
undertaken in order to assess sources of fluids and ore-forming constituents.  The values 
measured in this study were compared to isotopic values and trends of the regional 
dolomite cement and sulfide mineralization elsewhere in the Viburnum Trend to 
determine if their respective ores and cements are related or instead indicate isotopically 
distinct fluids (Frank and Lohmann, 1986; Shelton et al., 1986; Burstein, 1993; Shelton et 
al., 1995).   
Carbon and Oxygen Isotopes 
Carbon and oxygen isotopes can reveal characteristics of dolomitizing fluids and 
determine if different dolomite cements evolved from a single fluid source or multiple 
fluid sources.  They can also provide information about temperatures and degrees of 
fluid-rock interactions.   
Host dolomite and dolomite cements 
The two main dolomite cement generations and host dolomite of the lower 
orebody at the Brushy Creek mine were sampled for isotopic analysis in order to compare 
their compositions to each other and to the typical isotopic trends of the upper orebody 
dolomite cements.  Data are shown in Table 3 and plotted in Figure 33.  Host dolomite 
has δ13C values of -0.60 to -1.86‰ VPDB and δ18O values of -1.42 to -7.97‰ VPDB (n 
= 7).  Early, LOZ Bright dolomite has δ13C values of -0.70 to -1.52‰ and δ18O values of 
-3.33 to -4.37‰ (n = 5).  LOZ Moderate has similar δ13C values of -0.95 to -1.54‰, but 
higher δ18O values of -6.16 to -8.22‰ (n = 6). 
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Temporal evolution 
Host dolomite in the lower orebody covers wide ranges of δ18O and δ13C values, 
larger than those of the LOZ cements.  This may reflect that the orebody was so fluid-
dominated that successive dolomite cement-depositing fluids imposed their isotopic 
signatures onto residual clasts of host carbonate that were left undissolved in the massive 
orebody 
LOZ Bright dolomite cements have higher δ18O values than later LOZ Moderate 
cements.  Fluid inclusion studies indicate that the LOZ Bright dolomite cement was 
formed at higher temperatures (~ 180°C) than those of the LOZ Moderate cement (~ 130 
to 150°C).  The difference in their δ18O values cannot be a simple temperature effect, as 
their relative δ18O values are opposite to those expected if the cements were deposited 
from the same fluid with declining temperature.  Therefore, the compositional change in 
time requires a difference in the δ18Owater values of the dolomite-depositing fluids.  
Calculated δ18Owater values 
 In order to demonstrate that it is primarily a fluid effect that resulted in the 
different δ18Odolomite values of the two lower ore zone dolomite cements, ranges of 
equilibrium δ18Owater values (VSMOW) were calculated from the δ18Odolomite values using 
the dolomite-water oxygen isotope fractionation curve of Friedman and O’Neil (1977).  
Temperatures utilized in calculations were based on the average Th value for LOZ Bright 
and the range of Th values for LOZ Moderate. 
 LOZ Bright dolomite cement yielded δ18Owater values of 12.4 to 13.4‰ VSMOW 
(avg. T = ~ 180°C).  LOZ Moderate cement yielded a permissible range of calculated 
equilibrium δ18Owater values of 3.9 to 8.0‰ using a temperature range of 130-150°C and  
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SAMPLE ID MINERALOGY δ13C (VPDB) δ18O (VPDB) 
Distance 
above LS-
BD contact 
(m) 
DR-33/host/ host -1.23 -4.31 6.44 
DR-57/host/ host -0.60 -4.80 6.04 
DR-61/host/ host -0.91 -7.20                 -- 
DR-5/host/ host -1.55 -4.81 2.50 
DR-15/host/ host -1.86 -5.62 2.38 
DR-48/host/ host -0.95 -7.97 29.37 
DR-59/host/ host -0.98 -7.90                -- 
DR-20/dlm host host -0.63 -4.48 6.68 
DR-11/dlm host/ host -1.30 -1.42 7.50 
DR-24/dlm 1/ LOZ Bright -1.02 -4.37 3.08 
DR-5/dlm 1/ LOZ Bright -1.01 -4.24 2.50 
DR-31/dlm 1/ LOZ Bright -0.70 -4.34 9.55 
DR-13/dlm 1/ LOZ Bright -0.81 -3.33 5.12 
DR-2/dlm 1 LOZ Bright -1.52 -3.91 2.62 
DR-44/dlm 2/ LOZ Moderate -1.30 -8.22 20.44 
DR-32/dlm 2/ LOZ Moderate -1.21 -6.16 1.01 
DR-47/dlm 2/ LOZ Moderate -1.11 -7.86 12.51 
DR-20/dlm 2/ LOZ Moderate -0.95 -7.50 6.56 
DR-29/dlm 2/ LOZ Moderate -1.54 -7.21 9.42 
DR-54/dlm 2/ LOZ Moderate -1.44 -7.32 4.88 
 
 
 
 
 
Table 3.  Carbon and oxygen isotope data for host dolomite and dolomite 
cements.  All values are per mil deviations relative to VPDB. 
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the highest and lowest δ18Odolomite values.  The dissimilarity of the ranges of calculated 
δ18Owater values for the two cements indicates that isotopically distinct fluids were 
responsible for their deposition. 
Variation of δ18O values with depth 
Many samples analyzed for oxygen isotope composition had accompanying drill 
hole information documenting their distance above the Lamotte Sandstone-Bonneterre 
Dolomite contact.  Figure 34 plots δ18O values of replacement dolomite in host rock 
clasts and the main dolomite cements of the lower orebody in the Brushy Creek mine 
versus their corresponding distance above the contact.  The δ18O values of replacement 
dolomite in host rock decrease from > -5‰ in the lower 5 m interval to ~ -8‰ at 10-30 m 
above the Lamotte Sandstone.  The δ18O values of the stratigraphically higher dolomites 
are similar to those of host rock dolomites from the upper ore zones in the Bonneterre 
Dolomite (~ -7.5 to -9.0‰, Shelton et al., 1986). 
LOZ Bright cements are typically restricted to the lower portion of the 
stratigraphy, whereas LOZ Moderate cements are present across the vertical extent of the 
orebody.  The δ18O values of these cements display a similar pattern with distance above 
the Lamotte Sandstone. This pattern of increasing δ18O values with distance above the 
Lamotte Sandstone/Bonneterre Dolomite contact may indicate that the fluid(s) 
responsible for dolomite cement precipitation in the lower 5-10 m of the orebody were 
also responsible for recrystallization of residual host dolomite clasts that escaped the 
extensive dissolution associated with ore development.  As these fluids moved higher in 
the stratigraphy, they encountered areas containing larger volumes of dolomitized host 
rock.  The higher δ18O values of dolomites at distances of 10-30 m above the Lamotte 
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Sandstone could indicate fluid reaction and isotopic equilibration with the host rock or 
mixing with progressively larger components of fluids that had reacted with host 
dolomites of the upper Bonneterre Dolomite (Shelton et al., 1986). The overall pattern in 
Figure 34 may reflect the presence of two isotopically distinct fluid systems present in the 
stratigraphic section, whose influence varied through the development of the lower 
orebody in the Brushy Creek mine. 
 Comparison to the southeast Missouri dolomite cements 
Viburnum Trend dolomite cements 
Figure 35 is a plot of δ13C and δ18O values that compares the fields of isotopic 
values for dolomite cements in the lower orebody of Brushy Creek mine (LOZ Bright and 
LOZ Moderate) to those of dolomite cements elsewhere in the Viburnum Trend.  The  
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Figure 34.  Variation of δ18O values of replacement dolomite and the main dolomite cements 
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outlines labeled zones 2, 3, and 4 represent values for individual zones in the regional 4-
zone dolomite cement associated with Pb-Zn mineralization in the upper orebodies of the 
Viburnum Trend.   
The δ13C and δ18O values of the regional 4-zone dolomite cement define a trend 
of isotopic variation (Frank and Lohman, 1986), in which zones 2 through 3 show a 
progressive increase in δ13C values and δ18O values (VPDB) of δ13C = -2‰ and δ18O =    
-9‰ toward δ13C = 0‰ and δ18O = -3‰.  The isotopic compositions of zone 4 interrupt 
this successive pattern by shifting to lower δ13C values and δ18O values of ~ -2 and -9‰ 
VPDB, respectively.  This temporal evolution has been interpreted to indicate evolution 
of a single evolving basinal brine (zones 1-3) and interjection of a late distinct basinal 
fluid (zone 4) (Gregg, 1985; Gregg and Shelton, 1989b). 
The δ13C and δ18O values of LOZ Bright dolomite cement define a distinct 
isotopic signature outside the published range of values for the regional 4-zone cements, 
with only marginal overlap with regional zone 3 (Fig. 35).  The isotopic values of LOZ 
Bright are lower in δ13C values, which may reflect an inherited δ13C value from the host 
rocks of the lower Bonneterre Dolomite (Gregg and Shelton, 1989b).  Calculated δ18Owater 
values for the LOZ Bright cement (~ 13‰) and their included fluid’s Th values are much 
higher than those postulated for the regional dolomitizing fluid (δ18Owater ~ 7‰, Th = 
~130°C) (Shelton et al., 1986).   
The δ13C and δ18O values of LOZ Moderate dolomite cement overlap the values 
for zones 2, early 3, and 4 of the regional dolomite cement (Fig. 35).  The LOZ Moderate 
dolomite cement has calculated δ18Owater values (~ 4 to 8‰ VSMOW) consistent with a 
regional basinal fluid (~7‰ VSMOW) invoked by Shelton et al. (1986).  This suggests 
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that the LOZ Moderate cement may have precipitated from a fluid(s) similar to that 
which deposited the regional Viburnum Trend cements, but which flowed through 
different aquifers or which mixed with other waters. 
Western Platform dolomite cements 
 Keller et al. (2000) reported dolomite cement CL stratigraphies distinct from the 
CL zones of the regional 4-zone cement in deep drill holes on the carbonate platform of 
southeast Missouri, west of the Reelfoot Rift (see stars in Fig 1).  The “Western 
Platform” dolomite cements consist of one to three multi-banded CL zones similar to the 
CL patterns observed in the LOZ cements of the lower orebody at Brushy Creek mine.  
They interpreted the unusual CL patterns of the Western Platform dolomite cements to 
reflect distinct fault-bounded fluid reservoirs that had little communication with regional 
fluid flow in adjacent carbonate platform rocks. 
The δ13C and δ18O values of the lower ore zone dolomite cements were compared 
to values of these Western Platform dolomite cements of southeast Missouri in order to 
compare the LOZ cements to potentially fault-related dolomite cements found in the 
Bonneterre Dolomite.  The higher δ18O values of the LOZ Bright cement do not appear to 
be similar to the isotopic ranges of the Western Platform cements (δ13C = -2.8 to +0.2 ‰, 
δ18O = -8.8 to -5.7 ‰), but the δ13C and δ18O values of LOZ Moderate are similar.  This 
likely indicates that the fluid responsible for precipitating LOZ Bright cement is not 
related to those which precipitated the Western Platform cements; however, LOZ 
Moderate cement could have originated from a similar fluid source. 
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Sulfur Isotopes 
Sulfur isotope compositions of sulfides can potentially provide information about 
sulfur sources, temperatures of coprecipitated minerals, and changes in fluid redox 
chemistry.  Sulfide minerals in the lower orebody of the Brushy Creek mine were 
deposited sequentially instead of being coprecipitated, so sulfur isotope thermometry is 
not applicable.  If ore-precipitating fluids in the lower orebody had redox properties 
similar to the acidic and reducing fluids determined by Wenz et al. (2012) for deposition 
of the upper orebodies in the Viburnum Trend, then redox changes are likely not 
significant.  Thus, for the purposes of this study, sulfur isotopes are most useful for 
potentially determining sulfur sources and their relative importance. 
The δ34S values of ore sulfides in the Viburnum Trend define a paragenetic 
pattern that applies generally throughout most of the district (Fig. 36) (Burstein et al., 
1993; Shelton et al., 1995).  The large variations of δ34S values through the paragenesis 
were interpreted to indicate deposition from multiple, metal-specific fluids with at least 
two end-member sources of sulfur.  Higher δ34S values suggest derivation of sulfur from 
sulfate sources in sedimentary brines or evaporites (Claypool et al., 1980), whereas lower 
δ34S values may reflect basement-derived sulfur or sulfur assimilated from diagenetic 
pyrite or organic-bound sulfur in the sedimentary rocks (Orr, 1974; Goldhaber and 
Mosier, 1989; Goldhaber et al., 1995; Shelton et al., 1995). 
Sulfides 
The δ34S values of twenty-five sulfide samples were determined for micro-drilled 
powders of sulfides throughout the paragenesis of the lower ore zone, the results of which 
are listed in Table 4.  Detailed zoning of δ34S values of fine-grained pyrite in the   
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Figure 36.  Frequency diagram of δ34S (VCDT) values of sulfides throughout the 
mineral paragenesis in the Viburnum Trend district (from Burstein, 1993). 
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sandstone and finely banded schalenblende and sphalerite was determined using 
Secondary Ion Mass Spectrometry (SIMS) (Table 5).  The sulfur data are described 
within the context of specific sulfide phases and their generations.   
Fine-grained pyrite in the sandstone 
A SIMS analysis of colloform pyrite masses (Fig. 8A) hosted in the Lamotte 
Sandstone that are composed of at least two, texturally distinct generations of pyrite 
yielded the histogram of δ34S values in Figure 37B.  The majority of the δ34S values are 
between -1 and 2‰, with a range of -6.4 to 5.1‰ (avg. = 0.7‰).  Paragenetically earlier 
pyrite with a spongy appearance has values of -6.4 to 2.7‰ (avg. = -0.2‰).  Cleaner, 
euhedral pyrite has values of 1.0 to 5.1‰ (avg. = 2.3‰).  An additional powdered sample 
of euhedral pyrite hosted in the sandstone yielded a δ34S value of 4.6‰. 
Sphalerite and galena in the sandstone 
 Samples of early green sphalerite and yellow sphalerite hosted within the Lamotte 
Sandstone yielded δ34S values of 0.2 and -14.1‰, respectively.  A sample of fracture-
filling galena near the edge of the orebody has a value of -1.6‰.  These values are 
considerably lower than values for their equivalent varieties hosted within the lower 
orebody of the Bonneterre Dolomite.  The δ34S value -14.1‰ value is the lowest value 
for a sphalerite in the lower orebody and apparently from the entire Viburnum Trend 
(Burstein, 1993; Shelton et al., 1995).  
Early stage sphalerite in the lower orebody—black, brown, red, green 
The range of δ34S values for early sphalerite hosted in the Bonneterre Dolomite’s 
lower orebody is 6.3 to 15.0‰.  Two samples of black spherules have δ34S values of 8.9  
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Sample Name Mineralogy 
δ34S ‰ 
(VCDT) 
Distance above 
LS-BD contact 
(m) 
Brushy Creek mine 
Lower Ore zone    
27 CPY2 Chalcopyrite 2 22.1 5.1 
27CPY1 Chalcopyrite 2 20.6 5.1 
DOZCPY1-2 Chalcopyrite 2 24.0 5.1 
DOZCPY2-1 Chalcopyrite 1 -3.3 3.0 
DR16-Cpy 3 Chalcopyrite 3 12.6 26.2 
DR26-Sgn Siegenite 8.0 2.6 
DR74-PY cf Colloform pyrite 8.9 -- 
FB Ss Py Pyrite in sandstone 4.6 -1.5 
FBSs-Sph Yellow sphalerite in sand -14.1 -1.5 
FB14GR-Oyw Sph Green sphalerite in sand 0.2 0.0 
DR4 Bk Sph Black sphalerite 11.0 2.1 
DR21-Bk Sph Black sphalerite 8.9 8.9 
DR28-Br SPH Brown sphalerite 6.3 3.1 
DR21-RO Sph Red sphalerite 8.4 8.9 
DR11-RO Sph Red sphalerite 9.3 7.5 
DR8 O Sph Orange sphalerite 8.9 0.8 
19zoned-center Zoned sphalerite 10.6 9.7 
19zoned-edge Zoned sphalerite 9.4 9.7 
33 Sch Schalenblende 12.1 6.4 
DR12 fSch Sph Schalenblende 11.2 8.3 
DR12 cSch Sph Coarse "schalenblende" 13.9 8.3 
DR3 Yw Sph Yellow sphalerite 17.1 27.9 
DR25 G Sph Green sphalerite 15.0 14.4 
DOZSP1-GN Galena 7.2 -- 
FB7GR-GLN Galena in sandstone -1.6 0.0 
Other mines    
BN Mass Bornite (Casteel mine) -4.7 -- 
BN banded Bornite (Casteel mine) -5.7 -- 
FRED 1785-CPY Chalcopyrite (Fredericktown) 22.0 -- 
LM CPY Chalcopyrite (Mine La Motte) 7.4 -- 
 
 
Table 4.  Sulfur isotope data from powdered samples.  Data are presented in 
standard δ notation as per mil (‰) deviations from VCDT.  Dashes indicate no 
exact distance data were available.  Abbreviations: LS-BD = Lamotte Sandstone-
Bonneterre Dolomite. 
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Table 5.  Sulfur isotope data using SIMS.  Spots analyzed along the detailed traverse in 
schalenblende are spaced approximately 40 µm apart. 
SAMPLE 
SPOT MINERAL 
δ34S ‰ 
(VCDT)   
SAMPLE 
SPOT MINERAL 
δ34S ‰ 
(VCDT) 
DR12@6 Black Schalenblende 4.7  DR12@43 Black Schalenblende 7.1 
DR12@7 Black Schalenblende 4.1  DR12@44 Black Schalenblende 10.0 
DR12@8 Black Schalenblende 9.5  DR12@45 Black Schalenblende 12.8 
DR12@9 Black Schalenblende 5.2  DR12@46 Black Schalenblende 4.5 
DR12@10 Black Schalenblende 4.0  DR12@47 Black Schalenblende 6.7 
DR12@11 Black Schalenblende 7.3  DR12@48 Black Schalenblende 4.5 
DR12@12 Black Schalenblende -1.1  DR12@49 Black Schalenblende 6.0 
DR12@13 Black Schalenblende 2.2  DR12@50 Yellow Schalenblende 11.5 
DR12@14 Black Schalenblende 6.7  DR12@51 Yellow Schalenblende 9.2 
DR12@15 Black Schalenblende -3.7  DR12@52 Black Schalenblende 4.5 
DR12@16 Black Schalenblende 6.0  DR12@53 Black Schalenblende -4.1 
DR12@17 Black Schalenblende 6.9  DR12@54 Coarse Sphalerite 9.5 
DR12@18 Black Schalenblende 8.7  DR12@55 Coarse Sphalerite 13.2 
DR12@19 Black Schalenblende 7.6  DR12@56 Coarse Sphalerite 13.1 
DR12@20 Yellow Schalenblende 13.0  DR12@57 Coarse Sphalerite 12.6 
DR12@21 Yellow Schalenblende 4.0  DR12@58 Coarse Sphalerite 14.3 
DR12@22 Yellow Schalenblende 8.7  DR12@59 Coarse Sphalerite 11.9 
DR12@23 Yellow Schalenblende 9.0  DR12@60 Coarse Sphalerite 13.2 
DR12@24 Yellow Schalenblende 10.4  DR12@61 Coarse Sphalerite 13.0 
DR12@25 Yellow Schalenblende 7.0  DR12@62 Coarse Sphalerite 12.5 
DR12@26 Yellow Schalenblende 9.3  DR12@63 Coarse Sphalerite 11.9 
DR12@27 Black Schalenblende 1.4  DR12@64 Coarse Sphalerite 12.0 
DR12@28 Black Schalenblende 5.0  DR12@65 Coarse Sphalerite 12.7 
DR12@29 Black Schalenblende -6.2  DR12@66 Coarse Sphalerite 12.4 
DR12@30 Black Schalenblende -8.2  DR12@67 Coarse Sphalerite 12.0 
DR12@31 Black Schalenblende 1.0  DR12@68 Coarse Sphalerite 10.8 
DR12@32 Black Schalenblende 7.2  DR12@69 Coarse Sphalerite 10.7 
DR12@33 Black Schalenblende 9.1  DR12@70 Coarse Sphalerite 11.0 
DR12@34 Black Schalenblende 5.9  DR12@71 Coarse Sphalerite 11.9 
DR12@35 Yellow Schalenblende 10.6  DR12@72 Coarse Sphalerite 9.4 
DR12@36 Yellow Schalenblende 10.3  DR12@73 Coarse Sphalerite 11.1 
DR12@37 Yellow Schalenblende 12.3  DR12@74 Coarse Sphalerite 8.6 
DR12@38 Yellow Schalenblende 6.5  DR12@75 Coarse Sphalerite 8.3 
DR12@39 Yellow Schalenblende 9.6  DR12@76 Coarse Sphalerite 8.0 
DR12@40 Yellow Schalenblende 5.9  DR12@77 Coarse Sphalerite 10.3 
DR12@41 Yellow Schalenblende 6.9  DR12@78 Coarse Sphalerite 10.7 
DR12@42 Black Schalenblende 6.0  DR12@79 Coarse Sphalerite 11.0 
    DR12@80 Coarse Sphalerite 8.5 
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SAMPLE 
SPOT MINERAL 
δ34S ‰ 
(VCDT)   
SAMPLE 
SPOT MINERAL 
δ34S ‰ 
(VCDT) 
LOZ PY@1 spongy pyrite -0.3   LOZ PY@33 euhedral pyrite 2.1 
LOZ PY@2 spongy pyrite 1.5   LOZ PY@34 euhedral pyrite 2.5 
LOZ PY@3 spongy pyrite -0.3   LOZ PY@35 spongy pyrite 2.5 
LOZ PY@4 spongy pyrite 0.7   LOZ PY@36 spongy pyrite -0.2 
LOZ PY@5 spongy pyrite -0.2   LOZ PY@37 spongy pyrite 2.7 
LOZ PY@6 spongy pyrite 0.0   LOZ PY@38 spongy pyrite 0.4 
LOZ PY@7 spongy pyrite 0.9   LOZ PY@39 spongy pyrite -0.1 
LOZ PY@8 spongy pyrite 0.7   LOZ PY@40 spongy pyrite -5.7 
LOZ PY@9 spongy pyrite 1.7   LOZ PY@41 spongy pyrite -3.6 
LOZ PY@10 spongy pyrite 2.4   LOZ PY@42 spongy pyrite 2.4 
LOZ PY@11 spongy pyrite 1.6   LOZ PY@43 spongy pyrite 2.6 
LOZ PY@12 euhedral pyrite 2.3   LOZ PY@44 spongy pyrite 1.1 
LOZ PY@13 euhedral pyrite 2.8   LOZ PY@45 spongy pyrite 2.4 
LOZ PY@14 euhedral pyrite 2.6   LOZ PY@46 spongy pyrite 1.7 
LOZ PY@15 euhedral pyrite 2.7   LOZ PY@47 spongy pyrite 1.8 
LOZ PY@16 euhedral pyrite 2.3   LOZ PY@48 spongy pyrite 1.7 
LOZ PY@17 euhedral pyrite 3.0   LOZ PY@49 spongy pyrite 2.7 
LOZ PY@18 euhedral pyrite 1.8   LOZ PY@50 spongy pyrite 0.7 
LOZ PY@19 euhedral pyrite 2.0   LOZ PY@51 spongy pyrite 0.9 
LOZ PY@20 euhedral pyrite 2.2   LOZ PY@52 spongy pyrite -3.0 
LOZ PY@21 euhedral pyrite 2.1   LOZ PY@53 spongy pyrite -1.8 
LOZ PY@22 euhedral pyrite 2.6   LOZ PY@54 spongy pyrite -2.8 
LOZ PY@23 euhedral pyrite 5.1   LOZ PY@55 spongy pyrite -1.8 
LOZ PY@24 euhedral pyrite 2.2   LOZ PY@56 spongy pyrite 0.1 
LOZ PY@25 euhedral pyrite 2.1   LOZ PY@57 spongy pyrite -2.1 
LOZ PY@26 euhedral pyrite 2.1   LOZ PY@58 spongy pyrite -1.7 
LOZ PY@27 euhedral pyrite 1.3   LOZ PY@59 spongy pyrite -3.2 
LOZ PY@28 euhedral pyrite 1.0   LOZ PY@60 spongy pyrite -6.4 
LOZ PY@29 euhedral pyrite 2.1   LOZ PY@61 spongy pyrite -5.4 
LOZ PY@30 euhedral pyrite 2.3   LOZ PY@62 spongy pyrite -3.1 
LOZ PY@31 euhedral pyrite 1.8   LOZ PY@63 spongy pyrite 0.6 
LOZ PY@32 euhedral pyrite 1.9   LOZ PY@64 spongy pyrite -0.9 
        LOZ PY@65 spongy pyrite -1.6 
 
  
84 
 
and 11.0‰.  Brown sphalerite has a δ34S value of 6.3‰, and two samples of red 
sphalerite yield values of 8.4 and 9.3‰.  Green sphalerite has a δ34S value of 15.0‰. 
Schalenblende 
A SIMS traverse across a sample of schalenblende and its associated coarser 
sphalerite overgrowths yielded the pattern of δ34S values shown in Figure 37B.  The data 
are separated into three groups: black schalenblende, yellow schalenblende, and coarse 
sphalerite overgrowths.  Black schalenblende has δ34S values of -8.2 to 12.8‰ (avg. = 
4.4‰).  Yellow schalenblende has δ34S values of 4.0 to 13.0‰ (avg. = 9.0‰).  Coarse 
sphalerite has δ34S values of 8.0 and 14.3‰ (avg. = 11.3‰).  The change in sulfur 
isotope composition from schalenblende to coarse sphalerite can be seen as an abrupt 
drop in δ34S value followed by elevated and more uniform δ34S values (Fig. 38).  The 
abrupt drop and other drops within the schalenblende data are always associated with 
black schalenblende varieties.   
Two powered samples of schalenblende yielded δ34S values of 11.2 and 12.1‰, 
and one associated coarse sphalerite overgrowth has a δ34S value of 13.9‰.  These values 
are consistent with those determined by SIMS. 
Main stage galena and sphalerite—orange, yellow 
 Ubiquitous orange sphalerite and its zoned varieties have δ34S values of 8.9 to 
10.6‰ (avg. = 9.6‰).  Two of these measurements came from a zoned crystal, which 
exhibits a higher value in its core (10.6‰) and a slightly lower value in its rim (9.4‰).   
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Figure 37.  Frequency diagrams of δ34S values from SIMS. A) Fine-grained pyrite in the 
sandstone was measured as 65 individual sample points.  RL photomicrograph inset shows 
pyrite (yellow) textures cementing quartz grains (gray).  B) Finely banded schalenblende 
overgrown by coarsely banded sphalerite was analyzed along a compositional traverse with 
a total of 75 sample points.  The PPL photomicrograph inset provides context of the 
traverse’s location.  
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Figure 38.  The progressive change in sulfur isotope values along the SIMS traverse of 
schalenblende and coarse sphalerite overgrowth bands.  The boundary between the 
two phases shows a sharp decrease in δ34S value.  Other low δ34S values labeled B are 
associated with black schalenblende. 
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A single late yellow sphalerite sampled from the outer edge of the top of the orebody has 
a δ34S value of 17.1‰, the highest δ34S value of any sphalerite analyzed from the lower 
orebody.  A sample of galena from the Zn-rich zone has a δ34S value of 7.2‰.   
Chalcopyrite, pyrite, and siegenite 
One sample of early, first-generation chalcopyrite has a δ34S value of -3.3‰.  
Three samples of second-generation colloform chalcopyrite have δ34S values of 20.6 to  
24.0‰ (avg. 22.2‰).  These three values represent the highest δ34S values determined for 
all sulfide mineralization analyzed in the lower orebody.  A sample of third-generation, 
euhedral chalcopyrite has a δ34S value of 12.6‰.  One sample of colloform pyrite from 
within the Cu-rich zone has a value of 8.4‰.  A large siegenite grain associated with 
galena and third-generation chalcopyrite has a δ34S value of 8.0‰.   
Temporal evolution 
Figure 39 summarizes the δ34S values determined for each phase of early stage 
(39A) and main stage (39B) mineralization in the lower orebody of the Brushy Creek 
mine, excluding data for samples hosted in the underlying Lamotte Sandstone.  The early 
stage sulfides show an initial decrease in δ34S values followed by a sharp increase, and 
then by a decrease with increasing paragenetic time.  Main stage sulfides show a jagged 
trend of increasing and decreasing values with relatively lower variation compared to the 
earlier sulfides.  Since redox conditions are inferred to be reducing and acidic throughout 
sulfide deposition, the variation of δ34S values with time cannot be explained by changing 
redox conditions of a single source.  Therefore, the paragenesis likely reflects multiple 
sources whose influence varied with time. 
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Figure 39.  Variations of δ34S values from the lower orebody in order of increasing paragenetic 
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Schalenblende SIMS data show complex variations of higher and lower δ34S 
values within alternating bands (Fig. 38).  Overall, this phase appears to have 
increasingly higher δ34S values toward outer bands as the paragenesis reaches the coarser 
main stage sphalerites.  Black schalenblende is associated with several abrupt drops in 
δ34S values (Fig. 38) and may represent distinct pulses of a sulfur source with lower δ34S 
values.  A black schalenblende band and steep drop in δ34S values precedes the coarser 
sphalerite overgrowths.  The coarser sphalerite overgrowths begin as higher δ34S values 
(~14‰), and then show a progressive decrease in δ34S values toward ~9‰.  The detailed 
traverse across schalenblende bands implies that two sources of sulfur, one with higher 
δ34S values and one with lower δ34S values, contributed to the precipitation of 
schalenblende, with the higher δ34S source progressively displacing the lower δ34S 
source. 
Variation of δ34S values with depth 
 Many samples analyzed for sulfur isotope composition had accompanying drill 
hole information documenting distance from the Lamotte Sandstone-Bonneterre 
Dolomite contact.  Figure 40 plots δ34S values of sulfide minerals versus their 
corresponding distance from the contact to show the vertical variation in sulfur isotope 
compositions.  The δ34S values increase from < 5‰ in the lowest stratigraphic interval 
(the Lamotte Sandstone) to > 15‰ with increasing distance above the Lamotte 
Sandstone.  This correlation may indicate the importance of a local 32S-enriched sulfur 
source in the Lamotte Sandstone and a more 34S-enriched source present higher in the 
stratigraphy.  The two chalcopyrite data to the right of the curve in Figure 40 represent 
values for second-generation chalcopyrite, and may indicate a depositional period when  
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Figure 40.  Variation of δ34S values of sulfides with distance above and below the Lamotte 
Sandstone-Bonneterre Dolomite contact (indicated by a thin black line). 
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no 32S-enriched source was available in the lower stratigraphy, supporting the idea that 
multiple isotopically distinct sulfur sources were available at different times during the 
paragenesis. 
Implications for sulfur sources 
The data show a variety of δ34S values throughout the paragenesis, which is 
unlikely to have been provided by a single sulfur reservoir or a constant fluid mixture.  
The prevalence of low δ34S values (< 10 ‰) may reflect a 32S-enriched source for fluids 
in the Lamotte Sandstone, possibly derived from the underlying Precambrian basement or 
from incorporation of 32S-enriched diagenetic pyrite or organic matter.  Given that black 
schalenblende is associated with organic matter (Fig. 23), organic matter seems the most 
reasonable source.  The 32S-enriched source had the most significant contribution to 
phases of early stage sulfides and to minerals deposited in the Lamotte Sandstone, but 
appears to have had some influence during main stage mineralization lower in the 
stratigraphic section as well.  The higher δ34S values were likely derived from either 
basinal or evaporitic sedimentary sources.  This kind of source appears to have entered 
the system in pulses throughout the paragenesis but had relative dominance during main 
stage mineralization.   
The higher δ34S source is in the overlying Bonneterre Dolomite, and the lower 
δ34S source is in the Lamotte Sandstone.  Shaley beds and volcanic ash layers in the 
lower Bonneterre Dolomite may have acted as aquitards to keep various sulfur sources 
separated within distinct aquifers, except in areas where extensive host rock dissolution 
breached these layers. 
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Comparison to the typical Viburnum Trend sulfides 
The unusual, Zn-Cu-rich lower orebody below the Brushy Creek mine is located 
beneath more typical Pb-Zn sulfide mineralization.  The δ34S values of sulfides associated 
with the lower orebody were compared to the δ34S values of more typical Pb-Zn sulfide 
mineralization in the overlying Brushy Creek mine and throughout the Viburnum Trend 
in order to assess the similarities and differences of their sulfur isotope sources and 
paragenetic evolution. 
Brushy Creek mine 
 Burstein (1993) analyzed fourteen samples of early and main stage ore sulfides 
from the upper ore horizon of the Brushy Creek mine.  Two samples of early stage 
bornite have δ34S values of 15.4 and 16.4‰.  Main stage sphalerites have values of 12.7 
to 16.3‰ (avg. = 14.3; n = 4), and main stage octahedral galena has values of 8.6 to 
16.6‰ (avg. = 13.6‰; n = 9).  Main stage massive chalcopyrite has a δ34S value of 
18.4‰.  These values are consistent with basin-derived sulfate as sulfur sources for ores 
in the upper Bonneterre Dolomite. 
 The δ34S values of the early stage mineralization in the lower ore zone at Brushy 
Creek mine (~ 7‰) are lower than most of those in the upper orebodies.  The δ34S values 
of the lower ore zone show a much more significant influence from a 32S-enriched source 
that progressively acquired more 34S-enriched sulfur from a source higher in the 
stratigraphy.  The second-generation chalcopyrites have δ34S values similar to but still 
higher than early stage mineralization in the upper orebodies and reflect a possibly 
contemporaneous sulfate-derived basinal sulfur source present in the lower stratigraphy 
sequence and/or the recrystallization of some early 32S-rich chalcopyrite in the presence 
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of a more 34S-enriched fluid.  Shelton et al. (1995) documented Cu-Fe sulfides with δ34S 
values approaching 20‰ at depths of up to ~ 200 m in fractured/faulted igneous 
basement rocks to the west of the Viburnum Trend.  They interpreted these sulfides to 
represent recrystallization/remobilization of copper in the presence of a later MVT fluid. 
Main stage mineralization in the lower ore zone has δ34S values typically lower 
than those in the upper orebodies.  The δ34S values of sphalerites of the lower Bonneterre 
Dolomite are 8.9 to 17.1‰; the galena is 7.2‰; and the chalcopyrite is 12.6‰.  Those 
sulfides phases in the Lamotte Sandstone have values ~ < 0‰.  Ore mineralization in the 
lower and upper Bonneterre Dolomite potentially shared 34S-enriched sources during 
certain intervals of sulfide deposition, but not continuously, and ore mineralization in the 
Lamotte Sandstone did not apparently utilize the higher δ34S source. 
 Viburnum Trend overall 
 The Viburnum Trend has a broad range of δ34S values in its early and main stage 
sulfides that are explained by temporally and spatially variable sulfur sources.  Early 
stage bornite pods have δ34S values of -9 to 24‰.  The minerals within these pods show 
an evident increase in δ34S values with increasing paragenetic time that Shelton et al. 
(1995) interpreted to represent a 32S-rich fluid present in the Viburnum Trend that was 
incrementally displaced by a 34S-enriched, sulfate-derived basinal source (Fig. 41).   
Main stage sphalerite has δ34S values of 12 to 26‰, and main stage octahedral galena has 
values from 5 to 22‰.  The δ34S values of main stage chalcopyrite vary from -14 to 9‰ 
and can exhibit extreme variation within a single mine.   
Early stage mineralization in the lower orebody at Brushy Creek mine has a wide 
range of δ34S values from -9 to 24‰ that shows an initial decrease followed by a sharp 
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increase with increasing paragenetic time (Fig. 39A).  Schalenblende bands show large 
variation in δ34S values, which is interpreted to represent an influx of a more 34S-rich 
sulfur source displacing a resident, more 32S-rich source, mirroring the variation of δ34S 
values with depth.  The portions of the early stage paragenesis in the lower ore zone at 
Brushy Creek mine that show an increase in δ34S values (Fig. 39A) appear to be grossly 
similar to the paragenetic increase of δ34S values in early stage mineralization in the 
upper orebodies of the Viburnum Trend and could be due to contemporaneous 
introduction of a similar sulfur source (Fig. 41).  
Main stage mineralization in the lower orebody has δ34S values of -14.1 to 
17.1‰, dependent upon their location in the lower stratigraphy (Fig. 40).  Sulfides hosted 
within the lower Bonneterre Dolomite are dominated by a 34S-rich sulfur source and 
generally fit into the δ34S values of the main stage sulfides of the upper orebodies in the 
Figure 41.  Frequency diagrams of δ34S values of early stage bornite pod minerals 
from various mines of the Viburnum Trend from Shelton et al. (1995). 
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Viburnum Trend (Fig. 36).  However, the sulfides near and below the base of the 
Bonneterre Dolomite share more similarity with mineralization found in the West Fork 
mine and in the northern portion of Fletcher mine.  Main stage galena and sphalerite in 
these areas have overall lower δ34S values (< 10‰) relative to the rest of the Viburnum 
Trend.  Burstein (1993) postulated that ore in these localities utilized a local 32 S-rich 
source that resulted in the prevalently lower values of its main stage mineralization.  A 
similar local 32S-rich sulfur source(s) appears to have been available repeatedly in the 
stratigraphy of the lower Bonneterre Dolomite and Lamotte Sandstone, from which main 
and early stage ore sulfides of the lower orebody derived sulfur. 
Summary 
1.      The two main dolomite cements identified by cathodoluminescence studies in the 
lower orebody of the Brushy Creek mine have δ13C and δ18O values distinct from 
each other.  The earlier cement, LOZ Bright, has isotopic signatures unique from 
those of the individual zones of the regional, 4-zone cement.  Its higher δ18O values 
likely reflect a different fluid source.  The δ13C and δ18O values of LOZ Moderate 
cement are within the range of values for the regional cements, suggesting that the 
later lower ore zone cement may have precipitated from a similar fluid.   
2.      The LOZ cements and their calculated fluid compositions show a paragenetic 
trend of decreasing δ18Owater values from LOZ Bright (13‰ VSMOW) to LOZ 
Moderate (~ 4 to 8‰ VSMOW), indicating that distinct fluids formed their cements.  
This shift toward lower values is opposite of the typical paragenetic trend for the 
regional 4-zone cements of the Viburnum Trend and further indicates that fluids that 
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formed the lower ore zone cements and the regional 4-zone cements are likely not 
the same fluids.   
3.      The lower orebody mineralization exhibits a variety of sulfur isotopic 
compositions derived from more than one source.  Multiple 32S-enriched and 34S-
enriched sources had varying influence during various stages of sulfide deposition.  
The early stage sulfides and sulfides hosted within the Lamotte Sandstone are 
dominated by 32S-enriched sources, which had some influence in main stage 
mineralization, as well.  The 34S-enriched sources, mainly present in the upper 
Bonneterre Dolomite, appear to have entered the system in pulses throughout the 
paragenesis but had relative dominance during main stage mineralization that 
precipitated ore at greater distances above the Lamotte Sandstone.  
4.      The complex vertical and temporal variations of stable isotope compositions 
indicate that the lower orebody at the Brushy Creek mine formed not by a single 
evolving fluid or a constant fluid mixture, but from multiple fluids with distinct and 
evolving sources. 
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CHAPTER VI:  DISCUSSION 
 
 
 
Relative Timing of Ore Deposition 
Cu-(Ni-Co)-Zn-rich ores of the lower Bonneterre Dolomite/upper Lamotte 
Sandstone are earlier paragenetically than the main stage Pb-Zn ores that comprise the 
vast majority of the Viburnum Trend district.  Main stage cuboctahedral galena 
overgrows and crosscuts the early mineralization and in some areas appears to continue 
upward beyond the lower orebody.  This indicates that early fault-related avenues of fluid 
introduction into the basal Bonneterre Dolomite continued to be conduits for fluids 
during the main stage Pb-Zn mineralization.  Long-lived faults could have led to 
development of the more typical carbonate-hosted breccia overlying the lower orebody. 
Dolomite cements in the lower ores (LOZ Bright) are isotopically distinct from 
and appear to pre-date the regional dolomite cement that is associated with main stage 
Pb-Zn mineralization in the Bonneterre Dolomite (Fig. 41).  The LOZ Moderate dolomite 
cement exhibits a CL stratigraphy and isotopic signature similar to the zones 2 and early 
3 of the regional 4-zone dolomite cements and may be contemporaneous with main stage 
Pb-Zn mineralization.  Appold et al. (2004) also determined Tm and Th values for zones 2 
and 3 similar to those determined for LOZ Moderate in this study.  The CL stratigraphy 
of vug-filling LOZ Dark resembles late zones 3 and 4 of the regional dolomite cement, 
indicating it may reflect the same fluid event. 
Relationship of mineral/metal zoning to paragenesis and formation 
Generations of sulfide mineralization show a gross areal and vertical zoning 
above the Lamotte Sandstone-Bonneterre Dolomite contact, but repeated brecciation and 
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juxtaposition of sulfides have complicated how episodes of ore mineral deposition relate 
to zoning.  The zoning patterns of metals/minerals indicate that multiple, metal-specific 
fluids entered along fracture systems, and whichever metal constituent was most 
abundant dominates during its time of deposition.  The lower section mineralization 
consists of dominantly early Cu-Ni-Co-rich sulfides deposited sequentially in the lower 
portion of the orebody, which are then replaced and overprinted by early and main stage 
Zn sulfides.  Main stage Pb-Zn and Fe-sulfide-depositing fluids then infiltrated the 
orebody and deposited predominantly within the upper portion of the orebody and along 
its margins.  Late stage mineralization fills remaining original and fracture-enhanced 
porosity. 
The presence of Ni- and Ni-Co-rich areas (Fig. 7) suggests multiple fluid entry 
points provided by fault or fracture systems.  Fault activity would enhance porosity and 
permeability, via brecciation.  Brecciation would leave clasts of the dolomite host more 
vulnerable to chemical dissolution by acidic solutions entering the system, encouraging 
efficient carbonate dissolution and space for high-grade mineralization to develop.  As 
the ore system developed, ore fluids worked their way upward toward the base of the less 
permeable, less brecciated reef-grainstone facies of the Bonneterre Dolomite.  As the ore 
system waned, mineralization then persisted along fractures to the base of the mine 
horizon. 
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Figure 41.  Mineral paragenesis of the lower orebody in the Brushy Creek mine compared to 
a simplified paragenesis for the more typical Pb-Zn-Cu ores of the Viburnum Trend hosted 
stratigraphically higher in the Bonneterre Dolomite (modified from Shelton et al., 2009).  
Numbers refer to CL zones of the regional dolomite cement.  Sphalerite colors correspond to 
generational varieties mentioned in text.  Abbreviations: CFM = colloform; EUH = euhedral; 
LOZ = lower ore zone; VT = Viburnum Trend. 
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Relationship to Mineralization in the Viburnum Trend and Other Southeast Missouri 
MVT Subdistricts 
There is a great variety of ore styles in the Viburnum Trend district and southeast 
Missouri, which makes it challenging to fit the stratigraphically lower Cu-(Ni-Co)-Zn-
rich ores of the Brushy Creek mine into the mineral paragenesis of the district.  Figure 41  
is an attempt to relate broadly the early, main, and late stage mineralization of the MVT 
deposits hosted in the upper Bonneterre Dolomite to mineralization of the new lower 
orebody at the Lamotte Sandstone-Bonneterre Dolomite contact in the Brushy Creek 
mine.  Much of the lower ore mineralization is earlier than the upper main stage ores.  
The positioning of the lower ore paragenesis relative to the transitions among early, main 
and late stages of the upper ores is based on the occurrence of octahedral galena and the 
interpretation of CL patterns and isotopic studies of dolomite cements. 
The following discussions are attempts to relate the lower section mineralization 
to different styles of ore deposits in the Viburnum Trend and elsewhere in southeast 
Missouri: 
Early stage bornite pods 
The bornite ores are interpreted to indicate multiple point sources for the 
introduction of early ore fluids prior to the more pervasive introduction of ore fluids 
during subsequent stages of Pb-Zn-(Cu) ore deposition (Hagni, 1986).  The pods show 
some similarities to the lower Cu-Zn ores:  they occur lower in the Bonneterre Dolomite 
than typical ores, display sharp margins with adjacent country rock, and are more 
massive than typical ores as a result of extreme dissolution of carbonate host rock.   
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The bornite-chalcopyrite pods from individual mines in the Viburnum Trend 
exhibit markedly different ore textures, minor and trace element concentrations (Hagni, 
1996) and sulfur isotope compositions (Shelton et al., 1995).  The bornite pods of the 
Brushy Creek mine contain among the lowest Ni and Co concentrations of all bornite 
pods analyzed from the Viburnum Trend (< 330 ppm and < 100 ppm, respectively, 
Hagni, 1996), whereas the lower orebody in the same mine contains elevated 
concentrations of Ni and Co, with some assays up to several percent Ni + Co (Cavender 
et al., 2013).  Although they differ in mineralogy and geochemistry, the similar features 
between the bornite pods and the lower orebody beneath the Brushy Creek mine may 
point to a similarity of ore-forming processes, i.e. structurally controlled fluids, though 
not necessarily the same origin. 
Magmont and Magmont West mines 
Mineralogy and metal zoning similar to that of the lower orebody in the Brushy 
Creek mine has been reported in the Magmont and Magmont West mines in the 
Viburnum Trend.  Hagni and Transcynger (1977) described vertical zoning in a breccia-
controlled orebody in the Magmont mine.  Chalcopyrite is found at the lowest portion of 
the orebody overlain by sphalerite in the central portion, and galena surrounds and occurs 
within the chalcopyrite and sphalerite mineralization.  The authors related the zoning and 
associated paragenetic deposition to two inferred, ore-fluid-controlling faults that 
bounded the orebody and created the breccia. 
Fennel et al. (1996) described early Ni-bearing sulfides (millerite and 
gersdorffite) and distinct lateral mineral/metal zoning in the Magmont West mine.  There, 
the zoning pattern consisted of three, northwest-trending linear zones of Cu-Ni, Zn and 
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Pb enrichment, which were interpreted to indicate connection to a postulated fault in the 
Precambrian basement beneath the ore deposit.   
West Fork-type mineralization 
Zn-sulfide mineralogy, metal/mineral zoning, paragenesis, and sulfur isotopes of 
the lower orebody in Brushy Creek mine resemble mineralization found in the West Fork 
mine and in the north end of Fletcher mine.  Mavrogenes et al. (1992) described ores of 
West Fork to possess a unique paragenesis represented by the clearest zoning pattern of 
the Viburnum Trend.  The lateral zoning consists of four zones:  an inner zone of 
colloform iron sulfides and sphalerite, bounded by a zone of disseminated sphalerite that 
is bordered by a zone of colloform iron sulfides and the outermost zones of galena, which 
also overprint the inner zones.  They attributed the zoning to reflect sequential deposition 
of abundant early/main Zn-sulfides, including sphalerite/wurtzite, Fe-sulfides, and 
octahedral galena from multiple, chemically distinct fluids.   
Burstein et al. (1993) documented that the sulfur isotope compositions of West 
Fork-type mineralization display overall lower ranges of δ34S values.  Spatially, the 
lowest values occur in the innermost zone metal sulfides overprint each other, and 
increase outward toward the zone containing solely galena.  They interpreted the sulfur 
isotope compositions of these zones to indicate that mineralization incorporated sulfur 
from earlier sulfide generations, the earliest of which is a 32S-enriched source/fluid 
present locally in the West Fork area.  A similar local 32S-rich source(s) appears to have 
been available repeatedly in the stratigraphy of the lower Bonneterre Dolomite and 
Lamotte Sandstone, from which early and main stage ore sulfides of the lower orebody of 
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the Brushy Creek mine derived sulfur, and resulted in vertical variation of increasing δ34S 
values. 
To investigate the apparent similarities of the West Fork mineralization and the 
lower section mineralization in Brushy Creek mine, reconnaissance studies used ore 
samples collected for the research described in Burstein (1993).  CL microscopy of the 
West Fork samples revealed dolomite cements with a bright banded stratigraphy similar 
to LOZ Bright and other cements with CL patterns nearly identical to LOZ Moderate and 
LOZ Dark (Appendix VI).  The occurrence of similar CL stratigraphy zoning in both 
deposits gives evidence that fault-related fluids that formed the early dolomite cements of 
the lower ore zone in the Brushy Creek mine may also have had an influence on  
mineralization of the stratigraphically higher orebodies of West Fork mine.   
Other southeast Missouri subdistricts 
 Indian Creek subdistrict 
 Metal zoning similar to that of the lower orebody in the Brushy Creek mine has 
been reported from the Indian Creek subdistrict to the north of the Viburnum Trend (Fig. 
2).  At the Goose Creek mine, Horrall et al. (1983) described vertical zoning of Ni-Co, 
Zn, and Pb associated with the Lamotte Sandstone-Bonneterre Dolomite transition.  
While this zoning is grossly similar to that of the lower Brushy Creek ores, it is 
noteworthy that ores of the Goose Creek mine contain significantly lower concentrations 
of sphalerite (Kyle and Guiterrez, 1988). 
Mine La Motte-Fredericktown subdistrict 
The lower section ores of the Brushy Creek mine contain abundant sphalerite and 
multiple early generations of chalcopyrite associated with siegenite.  These features, as 
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well as their occurrence in the lower Bonneterre Dolomite and in quartz arenite of the 
upper Lamotte Sandstone, appear to be more similar to ore from the Mine La Motte – 
Fredericktown district to the east (Fig. 2) (Tarr, 1936; Snyder and Gerdemann, 1968; 
Horrall et al., 1983, 1993; Pignolet and Hagni, 1983).  At Mine La Motte, ore 
mineralization occurred generally within the lower 15 m of the Bonneterre Dolomite and 
within the Lamotte Sandstone, associated commonly with pinchouts of the sandstone 
against knobs in the Precambrian basement.  Early ores in the sandstone consisted of 
chalcopyrite and siegenite followed by a zone of abundant sphalerite, which, in one 
orebody, was concentrated in an anticlinal structure proximal to the Mine La Motte fault, 
thought to be a conduit for ore fluids. 
To explore the mineralogical similarity with the Mine La Motte – Fredericktown 
district, a reconnaissance study employing ore and CL microscopy was undertaken 
utilizing samples collected by W.A. Tarr in the 1930’s, which are reposited in the 
University of Missouri research collections.  Textural relationships between early stages 
of chalcopyrite ore from Mine Lamotte display a striking similarity to those in the lower 
ores in the Brushy Creek mine (Appendix VI).  Siegenite and chalcopyrite from 
Fredericktown show similar textures to those of the lower ores in the Viburnum Trend.    
CL patterns of dolomite cement from the Mine Lamotte – Fredericktown district show 
gross similarity to the intensely banded dolomite cements of the lower ore zone and do 
not show the regional 4-zone CL stratigraphy found throughout southeast Missouri. 
The similarity between the CL patterns and mineralogy of Mine La Motte-
Fredericktown and the lower ore zone may reflect characteristics of early fault- and 
fracture-related systems (Horrall et al., 1993; Shelton et al., 1995; Keller et al., 2000; 
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Hendry et al., 2015) that tapped similar local fluid reservoirs prior to the onset of the 
regional flow system thought to be responsible for the main stage Pb-Zn ores.   
Implications for Ore-Depositing Mechanisms 
A general problem for MVT ore formation is that the metals necessary to form the 
ores are relatively insoluble over the temperature ranges associated with sulfide 
deposition, yet ionic components are transported and precipitated in economic 
concentrations (Sverjensky, 1986; Plumlee et al, 1994; Appold and Garven, 2000).  The 
deposition of MVT mineralization can be catergorized into three general models: 
reduced-sulfur, sulfate-reduction, and mixing.  
Reduced-sulfur model 
In this case, H2S and base metals are transported together in the same fluid.  The 
model has low concentration limits on the amount of sulfur and metal that can be 
transported simultaneously, because of the relatively low solubility of sulfides.  
Deposition is triggered by cooling, dilution, or changing fluid conditions (Anderson, 
1975; Sverjensky, 1986; Spirakis and Heyl, 1995).   
Sulfate-reduction model 
The sulfate-reduction model has sulfate and base metals transported together.  For 
example, oil field brines typically contain substantial amounts of Pb (≤ 111 ppm) in 
Pb+2/SO4
-2 ratios between 0.01 and 50 (Carpenter et al., 1974).  This eliminates the 
problem of low solubilities of metals but requires a sulfate reduction mechanism, such as 
bacterial or thermochemical sulfate reduction, to produce reduced sulfur and precipitate 
ore sulfides.  Various sulfate reduction reaction agents have been suggested (Orr, 1974; 
Anderson, 2008; Anderson and Thom, 2008).  Locally, organic matter has been 
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documented as a potential genetic trigger for some ore precipitation in the Sweetwater 
and Magmont West mines (Niewendorp and Clendenin, 1993; Marikos et al., 1986).  
Mixing Model 
Fluid mixing models employ a scenario in which sulfur, typically as reduced 
sulfur, is carried in one fluid and base metals in another fluid, and ore precipitation 
occurs where the two fluids meet and mix (Anderson, 1983; Goldhaber and Mosier, 
1989; Leach, 1994).  Other versions of this model have metalliferous brines encountering 
a reduced sulfur source (i.e. sour gas, diagenetic pyrite, or sulfur-rich organic matter or its 
thermal degradation products) at the site of deposition (Davis, 1960; Jackson and Beales, 
1967; Beales, 1975; Anderson, 1975, 1991; Sverjensky, 1986).  
Suggested depositional mechanism for the lower ore zone mineralization. 
The geochemical data of this thesis indicate complex mixing of multiple, 
geochemically unique fluids that traveled through different aquifers and varied in space 
and time.  The observed spread of salinities, temperatures, and atomic ratios/absolute 
concentrations of fluid inclusions and the abrupt changes in the stable isotope 
compositions of minerals are not compatible with a single evolving fluid source.  I 
envision that ore fluids migrated along fault zones and mixed at the site of deposition.  
Ore fluids were transient and diverse in their capacity to transport sulfur and metal and 
may have mixed along flow paths.  Mixing end-members and mixing ratios likely varied 
with time.  Mixing as the dominant ore depositional mechanism does not preclude other 
mechanisms from having had a simultaneous role. 
Multiple, metal-bearing fluids in the system would have utilized whatever sulfur 
source was available at the time.  Sulfide precipitation by mixing with a local sulfur 
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source is a viable mechanism in the lower orebody.  Massive dissolution of host dolomite 
at the Bonneterre-Lamotte contact, as is the case for the lower orebody, would have 
accompanied sulfide precipitation.  Additionally, the strongly acidic nature of fluids in 
equilibrium with granitic basement rocks would have also resulted in massive carbonate 
dissolution upon encountering the Bonneterre Dolomite (ref.).   
A voluminous influx of H2S-rich fluid might have remained within the 
stratigraphy for later metal-rich fluids.  Sulfur isotopes indicate a higher δ34S fluid was 
present higher in the section throughout early and main stage episodes of mineralization.  
Persistence of the fluid in the upper aquifer allowed successive incursions of ore metal 
fluids to deposit ore. 
The role of hydrocarbons 
There may be a genetic connection between some sulfide precipitation and 
hydrocarbons present in the lower orebody.  Hydrocarbons produced in situ could 
generate hydrogen sulfide or could reduce sulfate entering the site of deposition, or might 
themselves be sulfur-rich hydrocarbons (Jackson and Beales, 1967; Orr, 1974; Anderson, 
1991,2008).  Thermal degradation products of hydrocarbons (i.e. CO2, methane, bitumen, 
etc.) can also trigger sulfide precipitation in situ (Niewendrop and Clendenin, 1993).  
However, the presence of hydrocarbons could be a mere coincidence and have no direct 
relationship to ore deposition.  Sulfur isotope patterns indicate that many sulfur sources 
were utilized during deposition of the lower orebody, so that even if hydrocarbons had a 
role in sulfide precipitation, their contribution may be small. 
Implications for Fluid Origins and Migration Pathways 
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The presence of distinct Ni- and Ni-Co-rich areas (Fig. 7), and the juxtaposition 
of sulfide mineralization that disrupts the overall metal zoning indicate that the lower 
section ores of the Brushy Creek mine are the result of a complex system of multiple 
fluids introduced into the site of deposition by faults and fractures (Hagni and 
Transcynger, 1977).  Faults and fractures at the location of the lower orebody focused 
fluid flow from various sources and aquifers into the site of ore deposition.  This type of 
structural control of ore formation applies in other deposits in the Viburnum Trend and 
southeast Missouri, emphasizing the importance of fault and fracture networks in the 
region (Hagni and Transcynger, 1977; Clendenin, 1993; Clendenin et al., 1994).   
Clendenin et al. (1994) proposed that northwest-trending regional faults in the 
Precambrian basement would have channeled distal basement fluids from the Reelfoot 
Rift.  Such fluid migration is supported by strontium isotope data and patterns of feldspar 
leaching in the regional fault zones of southeast Missouri (Horrall et al., 1993).  If any of 
these regional faults intersected fault or fracture systems that extended to the location of 
the lower orebody, then distal fluids would have had a migration pathway to the 
depositional site.  If the extensive network of fault or fracture systems was not present, 
then more local fluid reservoirs would be necessary. 
Faults could have tapped local reservoirs of deeper circulating basement fluids.  
Bjorlykke et al. (1991) proposed that fluid convection driven by radioactive heat from the 
underlying granites could have permitted meteoric fluids or sedimentary brines to move 
through fractured basement rocks, where fluids could derive sulfur and metals as well as 
other metasomatically acquired components such as K, Rb, and Sr.  Fluids in such a 
convection system are capable of reaching higher temperatures (> 200°C), similar to 
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those recorded in the high temperature fluids detected in sphalerites, especially 
schalenblende, and in the dolomite cements of the lower ore zone. 
Another possible fluid source is from overlying carbonates.  Shelton et al. (2009) 
interpreted halogen geochemistry to indicate that a halite dissolved brine had an 
important role during early stage, Cu-Zn ore deposition and dolomitization processes.  
This type of brine could have acquired salinity by dissolution of evaporites in overlying 
Ordovician rocks and could have migrated toward and into the basement rocks via 
density-driven flow, where the fluid would have leached ore constituents and 
accumulated heat.    
Potential sources of metals 
The abundance of Cu-Zn-Co-Ni-bearing sulfides requires an unusual metal source 
compared to that of more typical Pb-Zn MVT deposits.  Iron-oxide copper deposits in the 
local felsic Precambrian basement have been suggested as a source for some Cu in the 
Viburnum Trend (Shelton et al., 1995; Fennel et al., 1996).  These deposits reside on the 
western margin of the Viburnum Trend proximal to the Magmont and Magmont West 
mines and have fault connections toward Casteel mine (Fig. 2), where massive bornite 
ores have been mined.  
 Strong enrichments of Ni and Co likely require a more mafic source.  Several 
mafic and ultramafic intrusions have been interpreted by geophysical anomalies and 
confirmed by drill core findings to exist along the axial strike of the Reelfoot Rift and 
within southeast Missouri (Horrall et al., 1981,1983; Koestal, 1987).  I observed the two 
drill core described by Koestal (1987), MYR-1 and C&S-6, which are reposited at the 
Missouri DNR core repository in Rolla, MO, and attest that they are metasomatized 
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alkalic mafic source rocks (Fig. 1).  Notably, the locatiosn of these drill holes occur near 
the Black and Greenville faults which intersect the Viburnum Trend and the Mine La 
Motte Fredericktown subdistricts (Fig. 1, 2).  Horrall et al. (1993) concluded that most of 
the Cu, Co, and Ni enrichment in MVT orebodies, particularly that of the Mine La Motte-
Fredericktown district, could have been provided by circulating basement-involved fluids 
leaching metals from such mafic plutons.  They also hypothesized that undiscovered 
mafic-ultramafic plutons could exist at depth along regional faults and be responsible for 
Cu-Co-Ni-rich deposits at Indian Creek mine. 
Importance of the Present Study 
 This study concludes that the lower ore zone is in fact a different kind of 
mineralization compared to main, stratigraphically higher ore mineralization of the 
Viburnum Trend.  The geochemical and isotopic data confirmed this hypothesis, which 
was based on mineralogical and textural observations.  Furthermore, faults enhanced 
porosity and permeability, via brecciation, which caused localization of multiple, metal-
bearing fluids and sulfur sources.  This facilitated mixing of distinct fluids (metal-rich, 
sulfur-poor and sulfide-bearing brines) that resulted in the accumulation of the unique 
massive ores at the Bonneterre-Lamotte contact in the Brushy Creek mine.  These faults 
tapped into local fluid reservoirs that had interacted with felsic and mafic basement rocks.  
The geochemical data collected in this project may provide a resource for constraining 
final compositions of deep fluid flow in chemical reaction path modeling and 
groundwater modeling in order to assess the effects of variable pH; sulfur and oxygen 
activity; fluid end-member mixing; and host rock-fluid interactions on ore fluid 
compositions. 
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CHAPTER VII:  CONCLUSIONS 
 
 
 
The primary goals of this project are to understand better the nature and timing of 
ore-forming processes and fluids in the lower section ores of the Bonneterre Dolomite 
and to compare them to the known depositional styles of the more typical Pb-Zn MVT 
ores that are mined higher within the Bonneterre Dolomite.  Understanding these key 
similarities and differences will help geologists interpret the significance of the lower 
section mineralization and potentially develop exploration strategies to search for more 
ore of this kind. 
Studies of mineralogy, mineral zoning, mineral paragenesis, dolomite CL 
stratigraphy, fluid inclusion microthermometry, fluid inclusion compositional analysis, 
and isotopic geochemistry determined the following conclusions: 
1)  The lower orebody of the Brushy Creek mine exhibits discernible zoning of Ni-Co, 
Cu, Zn, and Pb-rich mineralization with increasing distance above the Lamotte 
Sandstone-Bonneterre Dolomite contact, which is related to different paragenetic stages.  
Mineralization consists dominantly of early Zn, Cu, Fe, Co, Ni sulfides that were 
frequently brecciated and successively overprinted by later sulfide generations, including 
main stage Pb-Zn mineralization.  Distinct zones of Ni and Ni-Co mineralization, and the 
juxtaposition of sulfide mineralization that disrupts the overall metal zoning, suggest that 
these ores are the result of a complex system of fault-related early and main stage fluids 
that varied in time and space.  Fault activity enhanced porosity and permeability, via 
brecciation, and promoted voluminous dissolution of carbonate rock and the development 
of early high-grade mineralization at the base of the Bonneterre Dolomite. 
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2)  The presence of a newly recognized dolomite cement CL stratigraphy unlike the 
regional cement and high-temperature fluids indicate this deposit represents in part an 
early, fault-related event that tapped more local fluid reservoirs.  Similar mineralogy and 
CL patterns in Fredericktown and Mine Lamotte may reflect similar ore-forming 
processes within these subdistricts. 
3)  The temperature, salinity, and atomic ratio variations of fluid inclusions and the 
carbon, oxygen, and sulfur isotope compositions of the lower orebody’s mineralization 
are most consistent with a model that involves mixing of multiple geochemically distinct 
fluids that varied in time and space.  I envision that most of these early ore fluids 
migrated along fault zones into the site of deposition.  The variation of δ34S values 
indicate multiple sulfur sources whose influence varied with time and depth.  The ore 
fluids likely derived metals from igneous and sedimentary basement rocks and their 
associated ore deposits.  Ni and Co enrichments may be derived from distal mafic source 
rocks, possibly distal to the district (Horrall et al., 1993) or perhaps related to more 
proximal, unrecognized mafic plutons adjacent to regional fault zones.   
Implications for exploration 
This project has determined that the ore-forming fluids utilized faults to 
concentrate their constituents into an area beneath the Brushy Creek mine.  This 
structural control reflects the importance of fault and fracture networks in ore 
development in the Viburnum Trend and southeast Missouri (Clendenin, 1993). 
The area of Bonneterre Dolomite overlying the lower orebody of the Brushy 
Creek mine exhibits extensive brecciation and fracturing from within the lower orebody 
to above the Davis Shale (Fig. 3).  Sections of the Bonneterre Dolomite that have been 
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extensively brecciated throughout the thickness of the stratigraphic section may indicate 
significant and persistent fault activity in specific areas in the Viburnum Trend and may 
represent potential targets of investigation for the presence of deep ores at the Lamotte 
Sandstone-Bonneterre Dolomite transition. 
Detailed studies of geologic structures (faults and igneous plutons) and the 
distribution of known Cu-Zn-rich deposits in the Viburnum Trend and southeast Missouri 
would help to test the connectivity and extent of the fault-related ore mineralizing 
system(s) throughout the Bonneterre Dolomite section and the underlying Lamotte 
Sandstone. 
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APPENDIX I:  METHODOLOGY OF RESEARCH 
 
 
 
Sampling 
 Samples were collected from drill core while the author worked as an intern for 
the Doe Run Company in the summer of 2013.  Additional samples were taken at later 
dates while the mining operations progressed toward and within the orebody.  Samples 
with coarse sphalerite, particularly within the sandstone, were selected preferentially for 
fluid inclusion analysis, as were samples with visible dolomite cements. 
 One-hundred fifty-six polished thin and thick sections were made for this project, 
of which twenty-six 30µm-thick doubly polished sections were prepared for fluid 
inclusion analysis. 
Optical Microscopy 
The samples were examined using a Nikon petrographic research microscope 
equipped with reflected light capabilities to determine ore mineralogy; crystal size, shape 
and color; and paragenesis of both opaque minerals (e.g. iron sulfides, sphalerite, 
chalcopyrite, galena) and non-opaque minerals (dolomite, sphalerite).  Images were taken 
using a Nikon Coolpix MDC Lens digital camera. 
Scanning Electron Microscopy Energy Dispersive X-ray Spectrometry (SEM-EDS) 
The samples used in this method were the same polished thin and thick sections 
used in the optical microscopy study.  Samples were analyzed at the University of 
Missouri Electron Microscopy Core using a FEI Quanta 600F environmental scanning 
electron microscope in high-vacuum mode, and prepared uncoated with copper tape 
boundaries to alleviate electron charging effects.  This mode of preparation, in addition to 
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high atomic Z of the metals examined and short beam dwell-times, negated charge well 
enough that conductive coating was unnecessary.  A dual-segment backscattered electron 
detector was used in compositional imaging mode to identify mineral boundaries and 
locate spots for energy dispersive spectrometry (EDS) analysis.  For imaging and data 
collection, the operating conditions were maintained at a beam accelerating voltage of 20 
keV, a 5.0 µm spot size, and a working distance of ~11.0–12.0 mm.  X-ray count rates 
were on the order of 500–1000 cps, with live collecting time at 45 s and dead time of 
~30-40%. 
Electron Probe Microanalyzer Wavelength Dispersive X-ray Spectrometry 
(EPMA-WDS) 
Six thin and thick sections containing multiple generations of Cu-Ni-Co sulfides 
and zinc sulfides were analyzed at Washington University in St. Louis, MO, using the 
JEOL JXA-Model 733 “Superprobe” microprobe equipped with four wavelength-
dispersive spectrometers (WDS) and a JEOL (e2v / Gresham) silicon-drift EDS.  Samples 
were carbon-coated to avoid electron charging during analysis.  Taylor and JEOL single-
element standards were used to correct for data measurements.  Measurements were 
taken using a beam accelerating voltage of 15 keV, a current of 50 and 100 nA, and a 
probe diameter of 20 µm.  The minimum precision attainable on the instrument is around 
0.5% relatively, as determined by replicate measurements on wafer standards involving 
extensive spectrometer movement. 
Cathodoluminescence (CL) Petrography 
Polished sections of dolomite cement samples were observed using a cold 
cathode, CITL cathodoluminescence system model CL8200 MK5-2 attached to an 
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Olympus BX51 optical microscope.  The device operated at between 13-15 keV and a 
current of 150 micro-amperes to 250 micro-amperes for dolomite and quartz, 
respectively.  Images were taken using an Olympus Q-Color 5 camera and Q-imaging 
software.  Polished sections designated for fluid inclusion study were analyzed by CL 
after microthermometric measurements were made. 
Stable Isotope Geochemistry 
Carbon and oxygen isotopes 
Powdered samples of host dolomite and two generations of dolomite cements, 
LOZ Bright and LOZ Moderate, were acquired by micro-drilling of thin section billets 
using a Dremel microdrill equipped with diamond-bonded dental burrs.  Carbon and 
oxygen isotopic compositions of carbonates were determined using a Thermo-Finnigan 
Delta Plus gas-source mass spectrometer with an automated Kiel device.  The δ13C and 
δ18O values (relative to the VPDB standard) have standard errors of less than ± 0.05‰, 
based on replicate measurements of the NBS-19 calcite reference standard, and have been 
corrected for reaction with 103% phosphoric acid at 70°C (Rosenbaum and Sheppard, 
1986). 
Sulfur isotopes 
 Gas-reacted powdered samples 
Samples studied by this method were powered samples created by micro-drilling 
of different generations of sulfides in core and rock samples using a Dremel microdrill.  
Sulfide minerals were oxidized to SO2 by heating to 1100°C in a vacuum with excess 
cupric oxide in the presence of metallic copper.  Isotopic analyses of the SO2 were made 
using a continuous-flow, gas-source mass spectrometer at Washington University in St. 
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Louis, MO.  Sulfur isotope results are reported in standard δ notation as per mil (‰) 
deviations from VCDT (Vienna Cañon Diablo Troilite; 34S/32S = 0.0450045; following 
Ault and Jensen, 1962).  The standard error for each analysis is ~ ± 0.2 ‰. 
Secondary ion mass spectrometry (SIMS) 
Fine-grained pyrite in the Lamotte Sandstone (DOZ-PY) and finely banded 
schalenblende and associated coarser sphalerites (DR-12) were analyzed using a Cameca 
7F Geo magnetic sector secondary ion mass spectrometer (SIMS) at Washington 
University in St. Louis, MO, following methods by Xiao et al. (2010) and Schiffbauer et 
al. (2014).  Thin sections were trimmed to 25 mm diameter rounds, and sputter-coated 
with approximately 20 nm of Au to prevent electron charging.  These samples were 
measured with finesse because of their fine-grained/finely banded habits, which made 
precision drilling impossible.  A Cs+ primary beam with 1 nA current at an energy of 20 
kV was used to sputter the specimen.  Following ~1-minute of pre-sputtering to remove 
potential surface contamination, the 32S and 34S isotopes were detected using dual 
Faraday cup detectors from a ~10 μm analytical spot.  Mass resolution of ~2000 m/Δm 
was used to resolve the 32S from 16O2 mass interference.  A total of 165 spots across the 
two specimens were analyzed.  Measured δ34S values are reported as ‰ deviation from 
VCDT (Vienna Cañon Diablo Troilite; 34S/32S = 0.0450045; following Ault and Jensen, 
1962) calibrated via a Balmat pyrite standard (δ34S Balmat pyrite = 15.1‰; 34S/32S = 
0.045684; following Crowe and Vaughan, 1996, and Kohn et al., 1998) and a Mines 
Gaspé sphalerite standard (δ34S = -1.3 ‰; calculated 34S/32S = 0.044946; following 
Shelton and Rye, 1982).  Each SIMS spot measurement consisted of 10 cycles of 34S/32S 
ratios acquired from the same physical spot.  The duration of individual spot analyses 
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was ~5 minutes.  One sigma errors of sample δ34Spyrite measurements were calculated 
from the instrumental standard error report of the 10 cycles, converted to ‰ values 
relative to VCDT.  The δ34S values have errors of < ±0.5‰. 
Fluid Inclusion Studies 
Microthermometry 
 Twenty-six doubly polished sections were prepared and examined for fluid 
inclusions.  Microthermometric measurements were made on 111 fluid inclusions, 
including 23 fluid inclusion assemblages, from 26 chips of sphalerite ore (n = 77), 
dolomite cement (n = 26), and detrital quartz secondary inclusions (n = 8).  Sections that 
contained workable fluid inclusions were removed from the glass mount, broken into 
chips < 6 mm in diameter, and placed in a Linkham THMSG 600 computer-controlled, 
heating-freezing stage where microthermometric measurements were made.  
Homogenization measurements were collected systematically from low to high 
temperatures, and inclusions were carefully monitored to avoid overheating and 
stretching.  Fluid inclusions suspected to have stretched or leaked during analysis were 
omitted.  Homogenization temperatures (Th) were measured with precisions of ±1°C and 
first and last ice melt temperatures with a precision of ±0.5°C.  Last-ice melting 
temperatures (Tm) were determined only after all Th values had been measured.  Fluid 
inclusions were cooled to a temperature of -80°C using liquid nitrogen and then warmed 
using heating gradients of 15°C/min until eutectic melting began.  The gradient then 
decreased systematically to 1°C/min.  Temperatures were not pressure corrected.  
Locations and characteristics of fluid inclusions chosen for LA-ICP-MS analysis were 
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documented (sketches and photographs at multiple magnifications) for later correlation 
with LA-ICP-MS data.    
Fluid inclusion LA-ICP-MS analysis 
 Thirty-three fluid inclusions from sphalerite and eighteen fluid inclusions from 
dolomite harvested from a total of eight sphalerite chips and four dolomite chips had their 
compositions measured using the laser ablation inductively couple plasma mass 
spectrometry (LA-ICP-MS) lab at the U.S. Geological Survey in Denver, CO.  Samples 
were calibrated externally using a bracket of two NIST-610 glass standards.  In addition, 
standards of MASS_1 (USGS sulfide standard) and MACS_1 (USGS carbonate standard) 
bracketed ablation trials of fluid inclusions hosted in sphalerite and dolomite, 
respectively, for matrix calibration.  The ICP-MS was operated at a beam intensity of 5 
Hz with a dwell time of 10 ms.  Each analysis started with monitoring of the background 
gas signal for at least 30 seconds.  The following isotopes were analyzed: 7Li, 23Na, 24Mg, 
27Al, 29Si, 33S, 34S, 37Cl, 39K, 43Ca, 44Ca, 54Fe, 55Mn, 57Fe, 59Co, 60Ni, 65Cu, 66Zn, 68Zn, 
71Ga, 72Ge, 75As, 79Br, 81Br, 82Se, 85Rb, 88Sr, 107Ag, 111Cd, 114Cd, 115In, 118Sn, 121Sb, 125Te, 
127I, 133Cs, 137Ba, 182W, 197Au, 200Hg, 202Hg, 208Pb, and 209Bi.  Attempts were made to 
quantify Na, Mg, Al, Cl, K, Ca, Mn, Co, Ni, Cu, Zn, Ga, Ge, As,  Rb, Sr, Ag, Cd, Sn, Sb, 
Ba, and Pb, but only Na, Mg, Al, K, Ca, Mn, Co, Ni, Cu, Zn, Ge, As,  Rb, Sr, Ag, Cd, Sn, 
Sb, Ba, and Pb were above detection limits for the elements.  The isotope 40Ca was 
generally not quantifiable due to mass interference from the 40Ar in the carrier gas and 
the absence of a dynamic reaction cell in the machine (Heinrich et al., 2003).  Raw fluid 
inclusion LA-ICP-MS spectra were reduced using AMS 6.6.1 software that couples LA-
ICP-MS data with equivalent weight percent NaCl using last ice melting temperatures 
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(Tm values) (Mutchler et al., 2008; Bodnar, 1993).  For aqueous Pb quantification in 
sphalerites, the absolute concentration was determined by using the sphalerite host matrix 
as the background signal during AMS data reduction (Wenz et al., 2012).  This same 
method was used for calculation of aqueous Sr in dolomite-hosted fluid inclusions due to 
the relatively high amounts of Sr in the dolomite host matrix. 
 Relative standard deviation (RSD) values 
 Relative standard deviation (RSD) is determined for fluid inclusions within a FIA, 
where fluid is inferred to be of uniform composition.  For eight sphalerite-hosted FIA’s 
comprised of 2 to 4 fluid inclusions, the average RSD values for Na, Mg, K, Ca, Sr, Rb, 
Ba, and Pb are 9, 21, 8, 27, 21, 32, 27, and 34%, respectively.  These values are broadly 
acceptable as realistic measurements of uncertainty (Heinrich et al., 2003; Stoffell et al., 
2008).  For three dolomite-hosted FIA’s comprised of 2 to 4 fluid inclusions, the average 
RSD values for Na, K, and Co are 16, 42, and 58%, respectively.  These values are worse 
than those reported as valid by Heinrich et al. (2003), which implies the results are not 
generally precise geochemically.  Average RSD values for Pb could not be determined 
from the FIA’s in dolomite. 
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APPENDIX II:  SCANNING ELECTRON MICROPROBE ENERGY 
DISPERSIVE SPECTROMETRY DATA  
 
 
  
Image Sample: DR-38.  
Chalcopyrite and Millerite 
 
Data Type: Counts 
Image Resolution: 512 by 384 
Image Pixel Size: 3.20 µm 
Map Resolution: 256 by 192 
Map Pixel Size: 6.40 µm 
Acc. Voltage: 30.0 kV 
Magnification: 79 
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Image Sample: DR-2. Siegenite 
 
Image Name: Base(26) 
Image Resolution: 512 by 384 
Image Pixel Size: 3.20 µm 
Acc. Voltage: 20.0 kV 
Magnification: 79 
Detector: Pioneer 
Atomic % 
Atomic Error % 
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Image Sample: DR-19. 
Chalcopyrite 
 
Image Name: Base(28) 
Image Resolution: 512 by 384 
Image Pixel Size: 3.04 µm 
Acc. Voltage: 20.0 kV 
Magnification: 83 
Detector: Pioneer 
Atomic % 
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Atomic Error % 
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   C-K   O-K   S-K  Fe-K  Co-K  Ni-K  Cu-K  As-K 
Base(3)_pt1    23.11   25.55    0.65    0.98   21.81    27.91 
Base(3)_pt2   88.28    9.35    0.23     0.10    1.01     1.02 
Base(3)_pt3    48.85    7.97    1.65    1.58   16.32    1.33   21.72 
Base(3)_pt4     51.36   22.73     1.29   22.92    1.71 
Base(3)_pt5   48.97   16.58   10.85    0.64    0.40    9.80    12.75 
Base(3)_pt6     52.49   23.54     23.97  
Base(3)_pt7     50.88   23.93     24.71  
   
C-K 
  
O-K 
 
Mg-K 
  
S-K 
 
Ca-K 
 
Fe-K 
 
Co-K 
 
Ni-K 
 
Cu-K 
 
As-K 
B
ase(3)_pt
1 
 ±
0.61    
 ±
0.19    
 ±
0.09    
±
0.12    
±
0.24    
 ±
0.59    
B
ase(3)_pt
2 
±
0.93    
±
0.24    
 ±
0.02    
  ±
0.01    
±
0.02    
 ±
0.05    
B
ase(3)_pt
3 
 ±
1.13    
 ±
0.16    
±
0.09    
±
0.07    
±
0.15    
±
0.27    
±
0.10    
±
0.64    
B
ase(3)_pt
4 
   ±
0.31    
 ±
0.18    
 ±
0.10    
±
0.35    
±
0.24    
B
ase(3)_pt
5 
±
2.01    
±
0.58    
 ±
0.10    
 ±
0.03    
±
0.03    
±
0.09    
 ±
0.30    
B
ase(3)_pt
6 
   ±
0.29    
 ±
0.24    
  ±
0.33    
 
B
ase(3)_pt
7 
  ±
0.08    
±
0.28    
 ±
0.24    
  ±
0.33    
 
Image Sample:  DR-21. 
Gersdorffite 
 
Image Name: Base(3) 
Image Resolution: 512 by 384 
Image Pixel Size: 1.28 µm 
Acc. Voltage: 20.0 kV 
Magnification: 198 
Detector: Pioneer 
Atomic % 
Atomic Error % 
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APPENDIX III:  FLUID INCLUSION DATA 
 
 
 
Table 1.  Microthermometry Data.  
Dashes indicate no data available. Schalen = schalenblende 
Chip ID FIA Host min 
Th 
(°C) 
Te (°C) 
Tm 
(°C) 
Wt % 
NaCl 
Size 
(µm) 
Bubble 
Vol. % 
71_6 6-1a orange 131 -- -12.5 16.5 3.5x2.5 30% 
71_6 6-1b orange 99 -- -16.0 19.6 15x10 20% 
71_6 6-1c orange 130 -- -11.2 15.2 20x4 15% 
71_6 6-1d orange 179 -- -15.2 19.0 15x9 30% 
71_6 6-2d orange 160 -- -17.9 21.1 23x4 30% 
71_6 6-2e orange 128 -- -21.4 23.6 15x6 20% 
70_4 4-1a Schalen 198 -52.6 -20.8 23.2 35x16 10% 
70_4 4-1b Schalen 183 -35.2 -11.1 15.1 11x6 10% 
70_4 4-1c Schalen 189 -44.6 -18.6 21.6 26x16 10% 
70_4 4-2 Schalen 207 -70.8 -23.3 24.9 35x21 5% 
70_4 4-3 Schalen 177 -45.4 -18.7 21.7 10x6 10% 
71_2&3 23-1a Red 77 -50.1 -15.9 19.5 8x16 25% 
71_2&3 23-1b Red 92 -34.1 -17.4 20.7 18x10 10% 
71_2&3 23-2a orange 161 -22.3 -14.2 18.1 8x6 10% 
71_2&3 23-2b orange 180 -36.0 -22.2 24.2 6x4 10% 
71_2&3 23-3 orange 116 -49.9 -22.2 24.2 13x5 10% 
71_9 9-1a Orange 91 -57.7 -8.6 12.4 13x7 20% 
71_9 9-1b Orange 97 -58.5 -13.7 17.6 16x11 30% 
71_9 9-2 Orange 116 -43.4 -10.5 14.5 40x19 30% 
57_8 57-1a Schalen 145 -29.5 -16.4 19.9 5x8 30% 
57_8 57-1b Schalen 168 -33.6 -18.1 21.3 6x2 30% 
57_8 57-1c Schalen 164 -35.4 -18.7 21.7 13x5 30% 
57_8 57-1d Schalen 165 -31.9 -18.4 21.5 -- 40% 
71_8 71-1 Red 97 -40.4 -13.4 17.4 24x24 30% 
71_8 71-2 Orange 68 -43.2 -17.6 20.9 45x18 12% 
71_8 71-3 Red 97 -33.1 -14.6 18.4 21x14 30% 
71_8 71-4 Red 97 -36.9 -12.7 16.7 27x14 30% 
71_8 71-5 Orange 78 -36.3 -15.8 19.5 35x21 13% 
71_8 71-6 Red 91 -37.5 -16.2 19.8 19x14 30% 
5_3 3-1a Orange 113 -45.8 -8.4 12.2 16x5 25% 
5_3 3-1b Orange 78 -42.4 -8.6 12.4 5x3 20% 
5_3 3-1c Orange 83 -41.1 -9.4 13.3 4x2 30% 
5_3 3-2 Orange 78 -40.2 -8.2 12.0 5x2 20% 
5_3 3-3a Orange 83 -37.6 -9.2 13.1 3x3 30% 
5_3 3-3b Orange 73 -44.0 -7.6 11.2 10x2 20% 
5_3 3-3c Orange 74 -38.2 -8.2 12.0 8x3 30% 
36_1 36-1a Green 73 -55.4 -15.6 19.3 8x4 10% 
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Chip ID FIA Host min 
Th 
(°C) 
Te (°C) 
Tm 
(°C) 
Wt % 
NaCl 
Size 
(µm) 
Bubble 
Vol. % 
36_1 36-1c Green 75 -55.7 -15.4 19.1 8x4 10% 
36_1 36-1d Green 78 -55.1 -17.9 21.1 15x8 10% 
30_5 35-1 Red 73 -52.5 -10.1 14.1 -- 5% 
30_5 35-2 Red 72 -51.9 -20.0 22.7 4x2 10% 
32_2 322-1a Brown 75 -53.4 -18.6 21.6 8x9 12% 
32_2 322-1b Brown 74 -49.4 -15.4 19.1 10x4 10% 
32_2 322-1c Brown 77 -54.3 -16.6 20.1 4x4 15% 
32_2 322-1d Brown 71 -55.8 -18.8 21.8 5x8 10% 
32_2 322-1e Brown 76 -55.8 -17.3 20.7 -- 15% 
11_1 1-2a Orange 121 -63.6 -6.2 9.5 24x6 10% 
11_1 1-2b Orange 97 -44.2 -9.9 13.9 35x14 15% 
11_1 1-2d Orange 101 -44.2 -15.7 19.4 12x9 15% 
11_1 1-2c Orange 96 -44.2 -13.5 17.5 45x16 13% 
11_1 1-3a Orange 98 -57.2 -5.4 8.4 18x8 5% 
11_1 1-3b Orange 97 -66.3 -6.5 9.9 13x11 5% 
11_1 1-3c Orange 96 -55.2 -5.8 8.9 --            -- 
11_1 1-3d Orange 98 -60.1 -5.7 8.8 --            -- 
5_2 5-1 Orange 85 -57.2 -21.8 23.9 32x16 20% 
5_2 5-3 Orange 90 -44.7 -15.5 19.2 10x8 20% 
30_6 30-1a Red 92 -42.3 -10.2 14.2 11x10 20% 
30_6 30-1b Red 92 -46.6 -17.1 20.5 12x5 30% 
17_1 17-1a Red 90 -58.3 -11.2 15.2 10x11 30% 
17_1 17-2a Red 79 -55.2 -20.8 23.2 13x19 20% 
17_1 17-2b red 89 -53.2 -24.0 25.4 13x7 15% 
17_1 17-3 Red 102 -58.0 -23.4 25.0 70x40 18% 
11_2 112-1 orange 66 -41.7 -15.5 19.2 8x5 2% 
11_2 112-2 orange 109 -43.2 -18.2 21.3 8x5 3% 
8_2 82-1a orange 101 -50.8 -25.4 26.3 8x4 1% 
8_2 82-1b orange 88 -55.2 -14.0 17.9 7x3 1% 
8_2 82-1c orange 105 -55.2 -20.5 23.0 10x4 2% 
FB-14_1 14-1 Yellow 105 -55.1 -13.1 17.1 6x3 40% 
FB-14_1 14-2a Yellow 104 -55.1 -18.3 21.4 13x5 30% 
FB-14_1 14-2b Yellow 110 -55.1 -23.1 24.8 11x5 10% 
FB-14_1 14-2c Yellow 109 -55.1 -20.6 23.1 13x2 10% 
FB-14_1 14-2d Yellow 96 -55.1 -20.8 23.2 8x8 5% 
FB-15_3 15-1a Yellow 112 -53.5 -23.1 24.8 8x6 5% 
FB-15_3 15-1b Yellow 132 -53.5 -22.4 24.3 13x5 10% 
FB-15_3 15-2a Yellow 109 -51.1 -20.4 22.9 8x3 10% 
FB-15_3 15-2b Yellow 123 -51.1 -22.2 24.2 6x6 5% 
FB-15_3 15-2c Yellow 116 -51.2 -21.2 23.5 8x5 10% 
FB-15_3 15-3 Yellow 134 -54.2 -21.8 23.9 10x3 20% 
FB-15_3 15-4 Yellow 123 -53.3 -18.4 21.5 6x3 25% 
8_1 8-1a LOZ Mod 154 -46.1 -19.9 22.6 4x1.75 30% 
8_1 8-1b LOZ Mod 155 -45.2 -19.7 22.4 3x2 26% 
8_1 8-1c LOZ Mod 124 -53.6 -17.7 21.0 3x1 40% 
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Chip ID FIA Host min 
Th 
(°C) 
Te (°C) 
Tm 
(°C) 
Wt % 
NaCl 
Size 
(µm) 
Bubble 
Vol. % 
8_1 8-2a LOZ Mod 143 -21.5 -5.4 8.4 4x2 13% 
8_1 8-2b LOZ Mod 146 -25.7 -7.2 10.7 3x3 13% 
8_1 8-2c LOZ Mod 150 -34.4 -16.8 20.3 2x3 10% 
8_1 8-2d LOZ Mod 143 -20.0 -11.2 15.2 4x2 13% 
8_1 8-3 LOZ Mod 142 -35.5 -15.4 19.1 3x1 25% 
8_1 8-4 LOZ Mod 150 -24.1 -5.9 9.1 4x2 40% 
36_1 36-2 LOZ Mod 150 -25.2 -15.2 19.0 3x2 10% 
32_3 3-1a LOZ Mod 130 -22.4 -3.5 5.7 2x2 45% 
32_3 3-1b LOZ Mod 142 -21.7 -1.1 1.9 4x2.5 40% 
32_3 3-2 LOZ Bright 187 -34.4 -17.5 20.8 2x1 40% 
32_3 3-3 LOZ Bright 122 -52.2 -15.7 19.4 n.d 15% 
32_3 3-4 LOZ Bright 176 -53.6 -18.4 21.5 3x3 30% 
32_4 32-1a LOZ Mod 164 -41.1 -22.2 24.2 5x2 40% 
32_4 32-1b LOZ Mod 140 -39.0 -20.4 22.9 3x1.5 30% 
32_4 32-1c LOZ Mod 140 -45.4 -19.2 22.1 4x2 30% 
32_4 32-2 LOZ Mod 127 -38.5 -18.7 21.7 5x4 25% 
32_4 32-4 LOZ Mod 134 -34.2 -18.8 21.8 6x4 40% 
5_2 5-2 LOZ Bright 216 -59.6 -13.3 17.3 8x3 20% 
5_2 5-4 LOZ Bright 185 -60.4 -12.5 16.5 5x5 40% 
5_2 5-5 LOZ Mod 146 -30.3 -16.2 19.8 4x3 40% 
10_2 10-1a Quartz 164 -29.5 -2.5 4.2 20x9 20% 
10_2 10-1b Quartz 169 -22.4 -2.4 4.0 5x5 30% 
10_2 10-1c Quartz 180 -29.6 -2.3 3.9 5x7 20% 
10_2 10-1d Quartz 189 -23.5 -4.1 6.6 4x3 15% 
10_2 10-2a Quartz 159 -19.1 -2.9 4.8 3x3 20% 
10_2 10-2b Quartz 159 -19.0 -4.5 7.2 3x3 20% 
10_2 10-2c Quartz 157 -19.0 -3.6 5.8 2x2 35% 
10_2 10-3 Quartz 185 -24.0 -2.3 3.9 3x4 30% 
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Table 2.  Sphalerites—Atomic Ratios 
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Table 3.  Sphalerites-Absolute Concentrations 
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Table 4.  Dolomites—Atomic Ratios 
    H
o
s
t 
F
I
In
c
lu
s
io
n
 #
P
a
ra
g
e
n
e
ti
c
 
S
ta
g
e
S
iz
e
 (
µ
m
)
B
u
b
b
le
 
V
o
lu
m
e
T
h
 (
°C
)
T
m
 (
°C
)
S
a
li
n
it
y
 (
w
t 
%
 
e
q
. 
N
a
C
l)
K
/N
a
 
(A
T
 %
)
C
o
/N
a
 
(A
T
 %
)
R
b
/N
a
 
(A
T
 %
)
B
a
/N
a
 
(A
T
 %
)
P
b
/N
a
 
(A
T
 %
)
D
R
-3
2_
3
3-
1b
LO
Z 
M
o
d
-Z
o
n
e
d
4x
2.
5
40
%
14
2.
4
-1
.1
1.
9
D
R
-3
2_
3
3-
2
LO
Z 
B
ri
gh
t
2x
1
40
%
18
6.
6
-1
7.
5
20
.6
0.
13
7
3.
7E
-0
3
D
R
-3
2_
3
3-
3
LO
Z 
B
ri
gh
t
15
%
12
2.
2
-1
5.
7
19
.2
0.
28
4
D
R
-3
2_
3
3-
4
LO
Z 
B
ri
gh
t
30
%
17
6.
1
-1
8.
4
21
.3
0.
07
7
3.
2E
-0
4
2.
3E
-0
3
D
R
-3
2_
4
32
-1
a
LO
Z 
M
o
d
-Z
o
n
e
d
5x
2
40
%
16
4.
3
-2
2.
2
23
.8
D
R
-3
2_
4
32
-2
LO
Z 
M
o
d
-Z
o
n
e
d
5x
4
30
%
14
0.
4
-2
0.
4
22
.6
D
R
-3
2_
4
32
-1
b
LO
Z 
M
o
d
-Z
o
n
e
d
3x
1.
5
25
%
12
7
-1
8.
7
21
.5
D
R
-5
_2
5-
2
LO
Z 
B
ri
gh
t
8x
3
30
%
21
5.
8
-1
3.
3
17
.2
0.
06
3
D
R
-5
_2
5-
5
LO
Z 
M
o
d
-Z
o
n
e
d
4x
3
30
%
14
6.
1
-1
6.
2
19
.6
D
R
-8
_1
8-
1a
LO
Z 
M
o
d
-C
e
n
te
r
4x
1.
75
30
%
15
3.
8
-1
9.
9
22
.3
0.
11
1
D
R
-8
_1
8-
1b
LO
Z 
M
o
d
-C
e
n
te
r
3x
2
26
%
15
5.
1
-1
9.
7
22
.2
0.
06
1
D
R
-8
_1
8-
1c
LO
Z 
M
o
d
-C
e
n
te
r
3x
1
40
%
12
4.
2
-1
7.
7
20
.7
0.
19
8
D
R
-8
_1
8-
2a
LO
Z 
M
o
d
-Z
o
n
e
d
4x
2
13
%
14
3.
1
-5
.4
8.
4
0.
05
4
1.
2E
-0
3
D
R
-8
_1
8-
2b
LO
Z 
M
o
d
-Z
o
n
e
d
3x
3
13
%
14
5.
5
-7
.2
10
.7
0.
07
6
4.
8E
-0
4
D
R
-8
_1
8-
2c
LO
Z 
M
o
d
-Z
o
n
e
d
4x
2
13
%
14
3.
3
-1
3.
2
20
.1
0.
16
7
1.
5E
-0
2
D
R
-8
_1
8-
3
LO
Z 
M
o
d
-Z
o
n
e
d
3x
1
25
%
14
2.
3
-1
5.
4
19
0.
12
5
1.
7E
-0
3
D
R
-8
_1
8-
4
LO
Z 
M
o
d
-Z
o
n
e
d
4x
2
40
%
14
9.
6
-5
.9
9.
1
0.
11
2
2.
7E
-0
3
144 
 
Table 5.  Sphalerite Fluid Inclusion Assemblages (FIA) Relative 
Standard Deviation (RSD) % Values 
 
FIA 
Element 
MEAN SDV RSD% FIA 
Element 
MEAN SDV RSD% 
14-2 Na 81698 4045 5.0% 23-1 Pb 298 136 45.6% 
14-2 Mg 2286 310 13.6% 23-1 Ca 4421 1217 27.5% 
14-2 K 3478 223 6.4% 23-2 Na 74706 12847 17.2% 
14-2 Rb 22 5 24.1% 23-2 Mg 3268 908 27.8% 
14-2 Sr 728 80 11.0% 23-2 K 2999 143 4.8% 
14-2 Ba 91 0 0.0% 23-2 Rb 3 2 64.7% 
15-1 Na 87532 2454 2.8% 23-2 Sr 141 1 0.6% 
15-1 Mg 2641 690 26.1% 23-2 Ba 2 0 0.0% 
15-1 K 3409 118 3.5% 23-2 Pb 22 4 17.6% 
15-1 Rb 8 5 54.6% 23-2 Cu 63 24 37.3% 
15-1 Sr 780 240 30.8% 1-2 Na 59076 5558 9.4% 
15-1 Ba 64 30 46.4% 1-2 Mg 2136 414 19.4% 
15-1 Pb 58 0 0.0% 1-2 K 13970 2602 18.6% 
15-2 Na 83457 2572 3.1% 1-2 Rb 141 41 29.3% 
15-2 Mg 2863 343 12.0% 1-2 Sr 109 13 11.6% 
15-2 K 2721 440 16.2% 1-3 Na 33417 2495 7.5% 
15-2 Rb 7 3 44.4% 1-3 Mg 232 19 8.2% 
15-2 Sr 783 49 6.3% 1-3 K 2422 26 1.1% 
15-2 Ba 33 13 38.6% 1-3 Rb 6 1 8.2% 
15-2 Pb 476 181 38.0% 1-3 Sr 32 1 4.0% 
23-1 Na 24699 4884 19.8% 4-1 Na 61814 5877 9.5% 
23-1 Mg 3771 459 12.2% 4-1 Mg 6042 3096 51.3% 
23-1 K 3884 240 6.2% 4-1 K 3267 0 0.0% 
23-1 Rb 4 0 1.3% 4-1 Sr 295 182 61.7% 
23-1 Sr 130 54 41.6% 4-1 Ba 14 0 0.0% 
23-1 Ba 3 1 24.3% 4-1 Ca 19335 0 0.0% 
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Table 6.  Dolomite Fluid Inclusion Assemblages RSD% Values 
FIA Element MEAN St. Dev. RSD % 
3-1 Na 70206 6573 9.4% 
4-1 Na 67738 11848 17.5% 
4-1 K 7831 2367 30.2% 
4-1 Pb 181 0 0.0% 
5-1 Na 37683 8094 21.5% 
5-1 K 3803 2050 53.9% 
5-1 Co 44 26 58.3% 
5-1 Ba 46 31 68.2% 
5-1 Pb 202 0 0.0% 
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APPENDIX IV:  VARIATION OF TRACE ELEMENT (EPMA-WDS) 
AND SULFUR ISOTOPE COMPOSITIONS IN SCHALENBLENDE 
 
 
 
 The compositional traverses of trace elements and sulfur isotopes in 
schalenblende were done in close enough proximity to each other that correlation of the 
data can assess the relationship between the sulfur isotopic and trace element 
compositions.  Note that the individual traverses sampled at different length intervals so 
an exact match of all the data is not possible. 
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APPENDIX V:  RECONNAISSANCE STUDIES 
 
 
 
In order to further investigate the relationship of the lower orebody of the Brushy 
Creek mine to mineralization elsewhere in southeast Missouri, a series of reconnaissance 
studies utilized samples from previous MU student research of individual mines and 
samples collected from various subdistricts of southeast Missouri by W. A. Tarr in the 
1930’s, which are reposited in the University of Missouri research collections.  Thin/thick 
polished sections of ore were prepared to assess the possible connection of lower section 
mineralization to other Cambrian-hosted deposits in Southeast Missouri. 
Results 
Mine La Motte-Fredericktown subdistrict 
The lower section ores of the Brushy Creek mine contain multiple early 
generations of chalcopyrite associated with siegenite and contain abundant sphalerite.  
These features, as well as their occurrence in the lower Bonneterre Dolomite and in the 
Lamotte Sandstone are atypical for the Viburnum Trend and appear to be more similar to 
literature descriptions of the Mine La Motte-Fredericktown district (Fig. 2) (Tarr, 1936; 
Snyder and Gerdemann, 1968; Horrall et al., 1983, 1993; Pignolet and Hagni, 1983).  At 
Mine La Motte, ore mineralization occurred generally within the lower 15 m of the 
Bonneterre Dolomite and within the Lamotte Sandstone, associated commonly with 
pinchouts of the sandstone against knobs in the Precambrian basement.  Early ores in the 
sandstone consisted of chalcopyrite and siegenite followed by sphalerite, which, in one 
orebody, were concentrated in an anticlinal structure proximal to the Mine La Motte 
fault, thought to be a conduit for ore fluids. 
148 
 
Early stages of chalcopyrite ore from Mine La Motte display a striking textural 
similarity to the fractured appearance of first-generation chalcopyrite in the lower ores of 
the Brushy Creek mine (Appendix Fig. 1A,B).  Siegenite and chalcopyrite from 
Fredericktown show similar textures to those of the lower orebody in the Viburnum 
Trend (Appendix Fig. 1D).  The euhedral siegenite crust overgrowing colloform 
chalcopyrite resembles textures in the upper portion of the Cu-Ni-Co-rich zone of the 
lower orebody at Brushy Creek mine (Appendix Fig. 1C).   
The CL stratigraphy of dolomite cements in the Mine La Motte-Fredericktown 
district is complicated and shows a gross similarity to those associated with the lower 
orebody in the Viburnum Trend (Appendix Fig. 2A,B).  The dark alternating banding 
imitates the intense repetition of the banded stratigraphy of LOZ Bright and LOZ 
Moderate.  More importantly, the CL patterns do not match the regional 4-zone cement 
stratigraphy related to the main stage Pb-Zn mineralization in the Viburnum Trend.   
The similarity between the CL patterns and mineralogy of Mine La Motte-
Fredericktown and the lower ore zone of Brushy Creek mine and the lack of the regional 
four-zone cement, may reflect characteristics of early fault- and fracture-related systems 
(Horrall et al., 1993; Shelton et al., 1995; Keller et al., 2000; Hendry et al., 2014) that 
tapped similar local fluid reservoirs prior to the onset of the regional flow system thought 
to be responsible for the main stage Pb-Zn ores.  
Reconnaissance studies of other Cu-rich areas 
If the lower section Cu-Zn-rich ores in the Viburnum Trend and Cu-rich ores of 
Mine Lamotte – Fredericktown are products of early, fault-involved fluids that tapped 
local fluid reservoirs, it is not unreasonable to ask if other Cu-rich and Cu-Zn-rich areas 
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in the Viburnum Trend, regardless of stratigraphic position, may have been related to 
early, structurally controlled, more localized mineralizing systems (Horrall et al., 1993; 
Clendenin et al., 1994; Shelton et al., 1995).  Reconnaissance studies examined cements 
from the Cu-Zn enriched areas of Casteel, Magmont, Buick, West Fork, Fletcher, and 
Sweetwater mines of the Viburnum Trend (Fig. 2). 
Massive bornite at Casteel mine 
Massive bornite pods consist typically of multiple generations of bornite and 
chalcopyrite with mammillary texture (Horrall et al., 1993) and occurs as horizontal 
podiform or replacement bedding deposits very low within the lead-zinc ore horizon of 
the Viburnum Trend.  Cross-cutting veinlets of galena indicate that this bornite 
mineralization formed prior to the main stage Pb-Zn event.  Hagni (1986) suggested that 
these bornites may represent entry points for early Cu-rich ore fluids. 
Massive bornite ores also occur in the upper Bonneterre Dolomite (directly above 
the reef facies) in the west arm of the Casteel mine close to the underlying Precambrian-
hosted Boss-Bixby Fe-Cu deposit.  Dolomite cements associated with this type of 
massive bornite at the Casteel mine display a typical 4-zone CL stratigraphy, but which 
has been subjected to heavy dissolution/etching.  Acid generation during sulfide 
precipitation has been suggested as a mechanism that destroys the normal banding 
(Rowan and Leach, 1989) and produces this texture (Appendix Fig. 2C).  Such extremely 
distorted textures were not found in the cements of the deep orebody in Brushy Creek 
mine, where CL banding is more consistent. 
 
 
150 
 
West Fork mine 
The West Fork mine contains unusually Zn-rich mineralization with distinct 
mineral and metal zoning (Mavrogenes et al., 1992).  A chalcopyrite-rich rim lines the 
peripheral margins of the mine (Burstein, 1993).  These features make it an ideal area to 
see if Cu-Zn-rich ores in the main ore horizon show similarity to the deeper ores of the 
Brushy Creek mine.   
CL studies of dolomite cements in the West Fork mine discovered a bright CL 
stratigraphy followed by a moderately bright CL banding that is overgrown by dull bands 
with a late non-luminescent band.  These CL stratigraphies at West Fork mine are 
strikingly similar to the unusual CL patterns of the lower ore body LOZ dolomite 
cements of the Brushy Creek mine (Fig. 2D).  The occurrence of similar CL stratigraphy 
zoning in both deposits suggests that the fluids that formed the early dolomite cements of 
the lower ore zone at the Brushy Creek mine may also have had influence in 
mineralization of the upper orebodies of West Fork mine.  Such a connection may reflect 
a similar fault-related origin for orebodies in both mines. 
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Appendix Figure 1.   Reflected PPL photomicrographs of Cu-mineralization in the lower orebody at 
Brushy Creek mine (A,C) and in the Mine La Motte-Fredericktown district (B,D).  A) Fractured, first-
generation chalcopyrite overgrown by colloform chalcopyrite in the lower orebody.  B) Two 
texturally distinct generations of early chalcopyrite (Ccp) at Mine La Motte displaying similarities to 
early chalcopyrite in the lower orebody of  the Brushy Creek mine.  Earlier fractured chalcopyrite 
(Ccp 1) is overgrown by a cleaner second generation.  C) Euhedral siegenite (Sgn) overgrowing 
second-generation chalcopyrite (Ccp), which has inclusions of pyrite (yellow), in the Cu-Co-Ni-rich 
zone of the lower orebody of the Brushy Creek mine.  D) Euhedral siegenite (Sgn) overgrowing 
colloform chalcopyrite in quartz-rich (Qtz) host rocks at Fredericktown. 
A 
C 
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Appendix Figure 2.  Cathodoluminescent (CL) microphotographs of dolomite cements in 
other ore deposits in southeast Missouri.  A) Dolomite cement in the Fredericktown district 
with a dark stratigraphy unlike the regional 4-zone cements.  Non-luminescent sphalerite (Sp) 
follows deposition of this cement.  B) Dolomite cement associated with chalcopyrite (Ccp) in 
the Lamotte Sandstone at Mine La Motte.  C) Dolomite (Dol) and calcite (Cc) cement 
associated with massive bornite (Bn) ores of the Casteel mine hosted in the upper 
Bonneterre Dolomite.  The resorbed/dissolved texture of the dolomite’s CL banding shows 
similarities to the regional 4-zone cement and is in sharp contrast to the consistent bands of 
the LOZ dolomite cements.  D) Dolomite cements associated with colloform chalcopyrite 
(Ccp) in the West Fork mine.  A bright CL stratigraphy precedes moderately bright CL banding 
that is overgrown by dull bands with a late non-luminescent band.  These CL stratigraphies at 
West Fork mine are strikingly similar to the CL patterns of the lower ore body dolomite 
cements of the Brushy Creek mine.   
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RECONNAISSANCE STUIDES SAMPLES 
Abbreviations: diss. = disseminated, dol = dolomite, cc = calcite, ccp = chalcopyrite, gln 
= galena, minz. = mineralization, mrc = marcasite, yw = yellow, grn = green. 
 
SAMPLE NAME  LOCATION   SAMPLE DESCRIPTION 
Fluid Inclusions (FI) – 3   
FR-1683   Fredericktown   Dolomite 
LM-TARR   Mine La Motte  Trace chalcopyrite 
FR-1591   Fredericktown   Dol/Cc vein with ccp 
 
Polished Sections  (PS) – 18  
BN-PCK   Casteel   “Peacock ore” bornite 
C89V71   Casteel   Diss. chalcopyrite 
CAZ    Casteel   Massive bornite 
MAG-4   Magmont   Massive chalcopyrite 
NL-MASS   Magmont   Massive chalcopyrite 
SW3-2    Sweetwater   Diss. chalcopyrite 
LM-1775   Mine La Motte  Chalcopyrite and galena 
FR-1591   Fredericktown   Mrc/Cc vein 
FRED-1785   Fredericktown   Chalcopyrite 
ANP-1820   Annapolis   Trace chalcopyrite 
SEMO-26   Old Lead Belt   Diss. Gln in shaley host 
FR-1677   Fredericktown   Dolomite  
LM-TARR   Mine La Motte  Dolomite with trace ccp 
SEMO-1692   Old Lead Belt   Diss. minz. in granite 
SEMO-27   Old Lead Belt   Diss. galena 
LM-CPY   Mine La Motte  Sandy Carbonate 
BT-1    Mine Bonneterre  Diss. galena 
LM-WV   Mine La Motte  Galena 
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LM-1798   Mine La Motte  Mrc/Cc vein 
LM-8279   Mine La Motte  Chalcopyrite breccia 
LM-1927   Mine La Motte  Cc/ccp in sandstone 
FR-1677   Fredericktown   Dolomite 
FR-1611   Fredericktown   Trace galena in dolomite 
LM-1620   Mine La Motte  Chalcopyrite and siegenite 
 
Polished Thin Sections (PTS) – 6 
BN-MASS   Casteel   Massive bornite 
BN-DISS   Casteel   Diss. bornite 
BUICK-14   Buick    Chalcopyrite and galena 
FL-CU    Fletcher   Massive chalcopyrite 
C89V6    Casteel   Chalcopyrite 
MAG-12   Magmont   Chalcopyrite 
MNJ-28   Magmont   Diss. Chalcopyrite 
WF-2-A   West Fork   Diss. Yw-Grn Sph 
WF-2-B   West Fork   Diss. Yw-Grn Sph 
WF-3    West Fork   Diss. Yw-Grn Sph 
WF-BC   West Fork   Chalcopyrite and Gln 
WF-DC   West Fork   Chalcopyrite and Gln 
WF-W Zn   West Fork   Sphalerite 
WF-LBED   West Fork   Schalenblende 
ANP-1820.5   Annapolis   Galena 
LM-8279   Mine La Motte  Trace chalcopyrite 
FR-1689   Fredericktown   Diss. chalcopyrite 
FR-1683   Fredericktown   Trace galena and dol 
1795    Old Lead Belt   Dolomite 
PTS-1925   Old Lead Belt   Dolomite 
